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INTRODUCTION TO THE DYNAMICS OF PLANETARY ATMOSPHERES 

G. S. Golitsyn 

/ 3* - Foreword 

The development o f  research on t h e  p lane ts  of t h e  Solar  System by 
terrestrial and space methods faces meteorologists with t h e  imperative demand 
f o r  answers t o  such quest ions as t h e  v e r t i c a l  and horizontal  d i s t r i b u t i o n  of  
temperature i n  t h e  atmosphere o f  a p lane t ,  evaluat ion of wind speeds and wind 
d i s t r i b u t i o n  i n  space and i n  time, t h e  s t ruc tu re  of wind gus ts  and wind d i s t r i b u -  
t i o n  i n  t h e  boundary layer  of  t h e  atmosphere, and a l a rge  number o f  o ther  
questions.  O f  dec is ive  importance among these  problems is  t h a t  of t h e  general  
c i r cu la t ion  as t h e  most complex and least understood aspect .  I f  t h i s  problem 
could be solved t o  a c e r t a i n  degree of  approximation, it would be possible ,  b i  
use of t h e  experience acquired i n  geophysical hydrodynamics, t o  assess wi-th a 
c e r t a i n  amount of confidence many c h a r a c t e r i s t i c s  of smaller scale movements. 

An excel lent  account of  t h e  s t a t u s  of  t h e  general c i r cu la t ion  problem and 

The theory of general  c i r cu la t ion  represents  t h e  foundation f o r  
its d i f f i c u l t y  for t he  Earth 's  atmosphere has been given i n  t h e  book by 
Lorenz (1967). 
long-range weather forecas t ing  and a complete theory of climate. 

The basic working method of t h i s  theory i s  represented by numerous 
experiments on simulation of  t h e  behavior of  t he  atmosphere i n  t h e  case of  
predetermined suppl ies  of heat.  
study of c i r cu la t ion  of  t h e  atmospheres of o ther  p lane ts ,  s p e c i f i c a l l y ,  Mars 
and Venus. 

This method a l s o  began t o  be applied f o r  

However, l i k e  a l l  experimental methods, numerical experiments, which s t i l l  
requi re  a very high expenditure of  labor and resources,  do not y ie ld  a general 
approach t o  the  problem. A t  t h e  same time, they hold out  too  l i t t l e  hope f o r  
t h e  construct ion of even a highly s implif ied but general ana ly t i ca l  theory of 
c i r cu la t ion  (see Lorenz, 1967), espec ia l ly  i f  an e f f o r t  i s  made t o  descr ibe  
t h e  s t ruc tu re  of  c i r cu la t ion  i n  space and time. But i f  we confine ourselves  
t o  an endeavor t o  obtain merely c e r t a i n  average universal  c h a r a c t e r i s t i c s  of 
t he  general c i r cu la t ion ,  we can be confident of success i n  t h i s  d i r e c t i o n  by 
using t h e  general methods of t he  theory of s i m i l a r i t y  and dimensionality.  And 
such a theory as t h i s  was elaborated by t h e  author a t  t h e  end o f  t he  1960s and 
t h e  beginning of  t he  1970s. I t  provides t h e  p o s s i b i l i t y  of c l a s s i fy ing  t h e  
c i r cu la t ion  of planetary atmospheres, and i n  a number of instances of obtaining 
important spec i f i c  r e s u l t s ,  i n  a na tura l  fashion and exclusively on t h e  bas i s  
of external  astronomic f ac to r s  and proper t ies  of t he  atmospheres of p lane ts .  

The grea te r  pa r t  of t h i s  book i s  devoted t o  presentat ion of t h i s  theory,  & 
which by now has undergone a c e r t a i n  amount of  refinement, and t o  i t s  appl ica t ion  

*Numbers i n  t h e  margin ind ica t e  pagination i n  t h e  foreign t e x t .  
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to various planets and to the atmosphere of the Sun. 
findings of the theory are compared with the results of observations and 
numerical experiments. 

Wherever possible, the 

Knowledge of the characteristics of general circulation, and of the mean 
wind in particular, permits assessment also of the structure of the boundary 
layer on Mars and Venus on the basis of the general theory of similarity 
developed by A. M. Obukhov, A. S. Monin, and their associates. Evaluations 
of the characteristics of the turbulent fluctuations of the velocity and 
temperature' fields in the atmospheres of other planets are naturally also 
obtained, this being a factor of importance for certain technical applications. 
Hence consistent utilization of the methods of the theory of similarity and 
dimensionality are typical of virtually all the questions considered in the book, 
with the exception of the problem of the general dust storms on Mars, which is 
characterized by a somewhat different method of investigation. 
the enormous dust storm on Mars which began in September of 1971 and did not 
end until the middle of January of 1972, occurred during the pmiod of 
exploration of Mars by means of the Mars-2, Mars-3 and Mariner-9 space stations. 
Considering the importance of the question, and LO draw the attention of 
meteorologists to this extremely difficult and highly interesting problem, the 
author believed it to be necessary to include in the book a brief survey of 
the data gained in observations and considerations of his own regarding the 
origination, developmcnt, and attenuation of the dust storms. 

As ?;e know, 

The hydrodynamics of planetary atmospheres is undergoing rapid development, 
attracting broad interest on the part of meteorologists, specialists in 
atmospheric physics, astronomers, and space scientists. An increasing number 
of scientific publications are making their appearance. For this reason a 
bibliography of the works which the author believes to be the most important 
ones that appeared in print by spring of 1972 is given in the book. 

The title of the book may appear to be too comprehensive, inasmuch as 
many questions of atmospheric dynamics are discussed here only in brief or are 
not touched on at all. However, if the reader is familiar with conventional 
hydrodynamics, the material presented may in reality be regarded as an intro- 
duction to the dynamics of planetary atmospheres, since we provide an analysis 
of the simplest and so to speak most elementary properties of the dynamic 
equations a d  arrive at our findings exclusively by use of the theory of 
similarity and dimensionality. Analytical and numerical calculations of the 
space-time picture of atmospheric flows obviously represent the next logical 
step in investigation of the motions of planetary atmospheres, although the 
inner logic of presentation of a subject does not always coincide with the 
actual stages of development of the science itself, and the elementary analysis 
described here of general circulation was made much later than the many 
numerical experiments and model analytical calculations. 

All the necessary theoretical information is given, at least in concise 
form, in the text itself, although the reader familiar with hydrodynamics, say, /5 
to the extent of the first few chapters of the book by L. B. Landau and Ye. M. 
Lifshits, Mekhanika Sploshnykh _ _  Srsd [Mechanics of Solid Media], and with the 

- 
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f i r s t  two chapters  of  t h e  book by L. I. SeJov Metody Podobiya' i  Razmsrnosti 
v Mekhanika [S imi la r i ty  and Dimensionality Methods i n  Mechanics] w i l l  be moFe 
accustomed t o  t h e  manner of exposi t ion adopted j n  t h i s  book. 

I am deeply g ra t e fu l  t o  my teacher  i n  physics  of t h e  atmosphere i n  t h e  
broad sense of t h i s  term, A. M. Obukhov, who so e a r l y  as 1964 suggested t o  me 
t h a t  I concern myself with t h e  atmospheres of o ther  planets .  He: pointed out  
on many occasions t h a t  t h e  study of other  p l ane t s  w i l l  enable us t o  obta in  a 
deeper and b e t t e r  understanding of t h e  laws governing t h e  behavior of t h e  
Ear th ' s  atmosphere. This keen i n t e r e s t ,  t h e  always f r u i t f u l  discussions held 
with him, and h i s  advice contr ibuted toward deepening of  my understanding of  
t h e  subject,  and 11:- i n sp i r ed  m6 t o  continue my work. 
t o  A. S.  Monin, A. M. Yagiyy, B. I. Tatarskiy,  L. A. Dikiy, Ye. A. Novikov, A. 
S. Gurvich, and S. S. Zi l i t inkevich ,  a s soc ia t ion  with whom, and o f t e n  j o i n t  
work as well, fos te red  c l a r i f i c a t i o n  of p a r t i c u l a r  quest ions.  A separa te  word 
o f  thanks is due t o  B. I. MOroz, many d iscuss ions  with whom contr ibuted toward 
my gaining a thorough understanding o f  the  sub jec t  o f  physics o f  p l a n e t a r y '  
atmospheres and grasping t h e  tasks  with which t h i s  f i e l d  of science is faced. 

I am a l so  g rea t ly  obl iged 

I must express my thanks t o  t h e  many s tudents  a t tending  my l e c t u r e s  at 
var ious symposia, conferences, seminars, and l ec tu re s ,  who by t h e i r  Guestions, 
perp lex i ty ,  and c r i t i c i s m  compelled me again and again t o  devote f u r t h e r  thought 
t o  t h e  log ic  of t h e  theory and the  manner of its presenta t ion .  
contr ibuted g rea t ly  t o  t h e  development and thorough subs t an t i a t ion  of  t h e  theory 
i t s e l f .  Among these  most c r i t i c a l ,  but cons t ruc t ive ly  c r i t i c a l  s tudents ,  I 
should l i k e  t o  make spec ia l  mention of .Dzh.  Charni, N. A. P h i l l i p s ,  and F. P. 
Brotherton. I am a l s o  g r a t e f u l  t o  R. M. Goody, B. A. Smith, and S. I. Rasool, 
who kindly sen t  me magnificent photographs o f  planets .  

This process 

The e d i t o r  of t h e  book, F .  V.  Volzhanskiy, has done much cons t ruc t ive  
work on t h e  book which has contr ibuted g rea t ly  t o  improvement i n  presenta t ion  
of t h e  mater ia l .  

G .  S. Golitsyn 
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CHAPTER 1. ATMOSPHERES OF PLANETS AND THEIR DYNAMICS 

1. Brief History of t h e  Study o f  Motions i n  Planetary Atmospheres 

Winds blow i n  t h e  atmospheres of planets .  From t h e  most ancient times 
man has observed i n  t h e  Earth 's  atmosphere a wide d i v e r s i t y  i n  winds and t h e i r  
a s s o c i a t i o c  with c e r t a i n  seasons, times of t h e  day, and types of weather. The 
vigorous development of navigation and t h e  age o f  great geographic d i scove r i e s  
i n  t h e  16th and 17th cen tu r i e s  led t o  t h e  idea t h a t  t h e r e  a r e  more or less 
permanent wind systems on Earth: tradewinds i n  t h e  subtropics  and t r o p i c s  and 
westerly winds i n  t h e  temperate l a t i t u d e s .  
s c i e n t i f i c  understanding of t h e  causes of t h e  occurrence of winds i n  t h e  
atmosphere was made by t h e  well-known English astronomer Edmund h a l l e y  (1586). 
Halley sought t o  explain t h e  tradewinds by t h e  diurnal  v a r i a t i o n  i n  t h e  
maximum heating of t he  atmosphere, t h i s  v a r i a t i o n  following t h e  Sun from east 
t o  west. A work which played an enormous p a r t  i n  t h e  h i s t o r y  of meteorology, 
and i n  p a r t i c u l a r  i n  t h e  theory of general  c i r c u l a t i o n  was an a r t ic le  by 
Hadley (1735) i n  which f o r  t h e  first time i n  t h e  h i s t o r y  o f  science,  almost 
100 years before introduct ion of t h e  Cor io l i s  force bearing h i s  name, i n  which 
it was pointed out t h a t  t h e  unevenness of heat ing of t h e  surface of t h e  planet 
represents  the main reason f o r  t h e  occurrence of winds, and t h a t  t h e  r o t a t i o n  
o f  t h e  Earth has a decis ive influence on t h e  nature  of t h e i r  d i s t r i b u t i o n .  
In t h e  19th century a number of ideas were advanced regarding t h e  na tu re  
and s t r u c t u r e  o f  general c i r c u l a t i o n ,  ideas  associated with t h e  name of Ferrel 
and o the r s  (a good survey of t h e  h i s t o r y  of development of ideas regarding 
t h e  c i r c u l a t i o n  of t he  Earth 's  atmosphere i s  given i n  a book by Lorenz (1967)), 
and i n  t h i s  same century hydrodynamics begin t o  move i n t o  t h e  sphere of 
meteorology. 
3, but f o r  t h e  time being we w i l l  go on t o  other  planets .  

The first attempt t o  a r r i v e  a t  a 

The present-day s t a t u s  of t h e  problem w i l l  be discussed i n  Section 

The exis tence of winds o r  atmospheric flows on o the r  p l ane t s  was f i r s t  
discovered on J u p i t e r  and Saturn. 
t he  periods of r o t a t i o n  o f  individual c l e a r l y  d i f f e r e n t  spots  on t h e  d i s c  of t h e  
planet .  
made by Cassini  around 1690. The h i s t o r y  of t hese  observations,  together with 
d e t a i l e d  summaries of t he  l a t t e r ,  a r e  discussed i n  t h e  books by Peek (1958) on 
J u p i t e r  and Alexander (1962) on Saturn. A p a r t i c u l a r l y  large number of obser- 
vat ions and measurements of the periods of r o t a t i o n  f o r  both p l ane t s  was made 
by the  , n g l i s h  amateur astronomer Williams during the  las t  25 years of t h e  
19th century. 
t h e  causes of difference i n  the  periods o f  r o t a t i o n  a t  d i f f e r e n t  l a t i t u d e s .  

These winds a r e  i d e n t i f i e d  on t h e  bas i s  of 

The f i r s t  per t inent  observations and measurements were apparently 

- /7 

I t  was he who introduced t h e  term "atmospheric flows" t o  explain 

The flows on both planets  a r e  r i g i d l y  zonal, t h a t  i s ,  they run along t h e  
p a r a l l e l s .  
components. The apparent d i s c s  a r e  character ized by a system of dark and l i g h t  
zonal bands, which w i l l  be discussed i n  g rea t e r  d e t a i l  l a t e r  i n  t h e  appropriate  
s ec t ions .  In t h i s  respect they a r e  a l s o  resembled by Uranus, on which a s l i g h t  
zonal s t r u c t u r e  is  observed. A t yp ica l  f ea tu re  of t he  giant  p l ane t s  i s  
represented by t h e  higher speeds of r o t a t i o n  of t he  equator ia l  regions than t h e  

No one has ever obseryed any appreciable systematic meridional 



speeds of r o t a t i o n  of t h e  temperate l a t i t u d e s .  
of r o t a t i o n  are of t h e  order  of 100 m/sec, and on Saturn 400 m/sec i n  comparison 
t o  t h e  mean speeds of t h e  temperate l a t i t u d e s .  

On J u p i t e r  t h e  r e l a t i v e  speeds 

So e a r l y  as 100 years ago t h e r e  was systematic i f  r e l a t i v e l y  rare 
observation, no more than a few times a year,  of clouds on Mars. These clouds 
tend t o  appear i n  s p e c i f i c  places on t h e  planet ,  t h a t  is, they are probably 
somehow associated with t h e  surface r e l i e f  of t he  planet .  
almost s t a t iona ry ,  e spec ia l ly  t h e  white clouds. 
movement of which is  around 10-20 m/sec o r  more, are less frequent ly  observed. 
The la t ter  are associated with sand o r  dust  storms. In some cases such storms 
cover v i r t u a l l y  the  e n t i r e  apparent d i s c  of t h e  planet  l i k e  a m i s t ,  as f o r  
example i n  1924, 1956, and 1971' (see MOroz, 1967). 

A t  times they become 
Yellow clouds, t h e  speed of 

Lastly, motion was discovered i n  t h e  atmosphere of Venus i n  our own 
I t  i s  t h e  so-called 4-day c i r c u l a t i o n  of u l t r a v i o l e t  days, i n  t h e  1960s. 

clouds. I t  was first observed by Boyer and Camichel (1961, 1965, 1967). Ex- 
tensive observations were conducted by Smith (1967). Dark d e t a i l s  r o t a t i n g  
with a period of around 4 days i n  t h e  same d i r e c t i o n  as t h a t  of t h e  planet 
i t se l f  can b e  seen i n  u l t r a v i o l e t  l i g h t .  
i s  on t h e  order of 90-110 m/sec. The a l t i t u d e  of these  clouds i s  around 100 
km, a t  which t h e  pressure i s  of t h e  order  of 1 mb, t h a t  is ,  they represent  a 
s t r a tosphe r i c  o r  even mesospheric e f f e c t .  
of c e r t a i n  probably small-scale movements of t h e  turbulent  type deep i n  t h e  
atmosphere of Venus as well i s  represented by the  f a c t  t h a t  r a d i o  s i g n a l s  
passing through the  atmosphere of t h e  planet undergo random f l u c t u a t i o n s  which 
may be in t e rp re t ed  as being due t o  turbulence (see Section 18). Such f luc tua -  
t i o n s  were recorded with the  s i g n a l s  both of Soviet  and of American 
(Mariner-5) space s t a t i o n s  which descended i n t o  t h e  atmosphere of t h e  planet .  

Their speed r e l a t i v e  t o  t h e  surface 

Indirect  evidence of t h e  exis tence 

- / 8  

The Soviet space s t a t i o n s  of t h e  Venus series made it poss ib l e  t o  conduct 
t h e  f i r s t  d i r e c t  measurements of wind speed and turbulent  gusts  i n  t h e  places 
a t  which the  s t a t i o n s  descended i n t o  t h e  atmosphere of t h e  p l ane t ,  on t h e  bas i s  
of t h e  Doppler s h i f t  of t h e  t r ansmi t t e r  frequency (Kerzhanovich et  a l . ,  1965; 
Kerzhanovich, 1972; Kerzhanovich e t  a l . ,  1972). This procedure i s  described i n  
Section 14 .  

'A  large body of material  of a d i r e c t l y  synoptic nature  has been obtained by 
Mariner-9 by means of t e l e v i s i o n  and in f r a red  interferometer-spectrometer ( for  
the preliminary r e s u l t s  s ee  Hanel e t  a l . ,  1972). The da ta  of t he  l a t te r  make 
it possible  t o  e s t a b l i s h  the  v e r t i c a l  p r o f i l e s  of temperature i n  t h e  atmosphere 
of Mars, on t h e  basis  of arhich it is  a l s o  possible  t o  e s t a b l i s h  t h e  wind f i e l d  
s t ruc tu re .  
t e l ev i s ion  photographs obtained during t h e  dust  storm and a f t e r  it cloud 
formations of t he  cyclone and f r o n t a l  type, banks of undulated clouds beyond 
mountains, and convection clouds. 
(1972), a l l  of t h i s  enormous body of mater ia l  was s t i l l  largely unprocessed and 
unpublished. 
i n  Section 13, which i s  devoted t o  Mars i n  p a r t i c u l a r .  

In the cold . .,misphere of Mars, one can e a s i l y  de t ec t  i n  the many 

By t h e  time work on t h i s  book was completed 

Several photographs of Mars obtained from Mariner-9 a r e  given 
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each individual region of t h e  atmosphere, and t h i s  circumstance continuously 
sus t a ins  motions i n  t he  atmosphere. The atmospheric motions themselves play 
a v i t a l  pa r t  i n  determining t h e  nature  of t h i s  balance, s ince  they ul t imately 
t r a n s f e r  heat from t h e  more g r e a t l y  heated regions t o  t h e  cooler  ones, 

Taking t h e  example of t h e  Earth 's  atmosphere, let us determine what are 
t h e  s p a t i a l  scales o f  t h e  motions, o r  t o  employ t h e  current  meteorological 
terminology, what is the  s p a t i a l  spectrum of these  motions, t h a t  i s ,  what 
k i n e t i c  energy is c a r r i e d  by motions of a s p e c i f i c  scale. 
spectrum enables us  t o  introduce c e r t a i n  useful concepts of ten employed la ter ,  
and t o  make a rough c l a s s i f i c a t i o n  of t h e  motions i n t o  categories  according t o  
t h e i r  s p a t i a l  s ca l e s .  
on o the r  planets  w i l l  i n  t h e i r  d e t a i l s  o r  even i n  general o u t l i n e  be similar 
t o  t h e  spectrum o f  motions of t h e  Earth 's  atmosphere, but some sec t ions  of 
t h i s  spectrum are universal  and should be manifested everywhere i n  one form o r  
another. 

Analysis o f  t h i s  

There i s  no reason t o  expect t h a t  t h e  spectra  o f  motions 

The s p a t i a l  spectrum of the  ve loc i ty  f i e l d  i n  tpte Earth 's  atmosphere has 
been studied i n  more o r  l e s s  d e t a i l  (both i n  theory and on t h e  bas i s  of 
observational data)  only i n  two extreme regions: 
space wave numbers k fro;., 0 t o  20, t h a t  i s ,  f o r  t h e  zonal component o f  wind 
i n  scales from constant zonal flow (k = 0) and a wavelength of 2 1 ~ r  (k = 1, r = 
= radius  of planet)  approximately t o  2000 km, and f o r  t h e  smallest s c a l e s ,  
of t h e  order of 1 G  km and l e s s .  This circumstance i s  due t o  t h e  nature  of t h e  
observational d a t a  and t o  t h e  concept i t s e l f  of s p a t i a l  spectrum. 
t h i s  spectrun (see Monin, Yaglom, 1967) it i s  necessary t o  have knowledge of a 
large number of instantaneous observations,  t h a t  i s ,  instantaneous p i c tu re s  
o f t h e  ve loc i ty  f i e l d  over t h e  e n t i r e  globe without any gaps i n  space. On the  
bas i s  of t h i s  f i e l d  t5e re  i s  calculated co r re l a t ion  furo.-tion 

f o r  t h e  l a rges t  scales with 

/10 - 

To construct 

B,k (r, - r?) - Ivi (r , )  - QUI (rd1[we&,).--- vh WI. (2 .1 )  
,. ._ 

i n  which r and r a r e  points  of observation and v and v a r e  t h e  v e l o c i t y  

components; t he  l i n e  above t h e  righthand term denotes averaging. 
1 2 i k 

For a s p a t i a l l y  homogeneoys and i s o t r o p i c  random ve loc i ty  f i e l d ,  cori'ela- 
t i o n  tensor  function B (r - r ) is  invariant  r e l a t i v e  t o  t r a n s f e r s  and i k  1 2 

r1 - r r o t a t i o n s  i n  space o f  vector  r = 

the  l a t te r ,  r = lrl, while t h e  Fourier transform of t h e  c o r r e l a t i o n  function 
assigns the spectrum f o r  spec t r a l  densi ty  

and depends only on t h e  modulus of 2 

. -  
In t h i s  instance tensor  F (k) f o r  an incompressible f l u i d  is defined by i k  

a s ing le  sca l a r  function - t h e  spec t r a l  dens i ty  of energy E(k), i n t eg ra l  . .  
-= 

i E ( k ) h  equal l ing t h e  t o t a l  k i n e t i c  energy of t h e  u n i t  mass of t h e  f l u i d .  
0 
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The velocity fields in the atmosphere may be considered to he uniform 
and isotropic only for fairly small scales, of the order of 1 km and less. 
Larger scales may be regarded in approximation as such only in horizontal 
planes. In study of the largest (global) scales data are usually taken along 
a circle of latitude, and the velocity field is considered to be uniform along 
it. 
latitudej is nevertheless found to be useful for fields of such restricted 
m i  f ormi ty . 

The concept of spatial spectrum (in the latter case determined for one 

We begin with the region of small scales in which the laws established in 
1941 by Kolmogorov-Obukhov are valid. A. M. Kolmogorov (1941) took as his 
basis considerations of the theory of similarity and dimensionality, and A. M. 
Obukhov (1941) considerations of a model nature, but they arrived at identical 
results. 
in what follows; in addition, the Kolmogorov theory is a simple and convenient 
case for demonstration of the use of general methods of the theory of similarity 
and dimensionality. 

We will have need of the conclusions of this theory more than once 

Kolmogorov formulated his theory on the basis of two hypotheses of a 
physical nature concerning the structure of the velocity field in turbulent 
flow at large Reynolds numbers Re = UL/v, in which U is the characteristic flow - /11 
velocity, L the so-called external turbulence scale, or scale of basic energy 
bearing vortices, in which energy is introduced into the flow, and v is the 
kinematic viscosity. 
smaller vortices, transmitting their kinetic energy to the latter. 
Keynolds number for these vortices is also large, they again prove to be unstable 
and again are broken down into smaller ones, and so forth. 
breakdown of vortices into increasingly smaller ones down to the very smallest, for 
which the corresponding number is Re 5* 1, that is, viscous dissipation becomes 
substantial, was described qualitatively by Richardson (1922). A.  M. Kolmogorov 
embodied these concepts in concrete form by introducing his first similayity 
hypothesis, which states that, at sufficiently large Reynolds numbers, Liere 
must exist a region of scales r much Fmaller than external scale L, on which 
turbulent vortices will be uniform and isotropic, and the nature of the turbulence 
will be deterrained by kinematic viscosity and quantity E ,  the speed of transfer 
of kinetic energy (per unit mass) along the series of vortices from the larger 
to the smaller. 
dissipation of kinetic energy to heat owing to the action of viscosity on the 
smallest scales. 
or even merely dissipation. 

If Re >> 1, the largest vortices are unstable and generate 
If the 

The process of 

In the stationary state quantity E will equal the rate of 

For this reason E is often termed simply the dissipation rate, 

The magnitude of the scales at which viscous dissipation occurs may be 

ener 
found from considerations of dimensionality. 

i s  massetfie 
2 = cm /sec. 

value having the dimensionality of length: 

By definition dimensionality E 

2 3  or [ E ]  = cm /set , The dimensionality of kinematic viscosity [VI = 

From these two values one can by an unequivocal process formulate the 
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Quantity 2 is  termed t h e  Kolmogorov microscale. 0 
s p a t i a l  s c a l e  r ,  from t h e  l a t t e r  and 2 
r/ZO on which alone a l l  t h e  s p a t i a l  c h a r a c t e r i s t i c s  of turbulence should depend 
(when r << L ) .  

Since we a l s o  have 

we can formulate dimensionless length 0 

Kolmogorov fu r the r  noted t h a t i .  t h e  intermediate region of s ca l e s  

(2 .4)  I,, , :' r . Y I. 

v i scos i ty  no longer exe r t s  any e f f e c t ,  but t h e  v o r t i c e s  are uniform and i so -  
t r o p i c ,  o r  more p rec i se ly  are l o c a l l y  uniform and l o c a l l y  i so t rop ic .  
"locally" is t o  be understood t o  mean t h e  uniformity and i s o t r o p i c i t y  of t h e  
s t a t i s t i c a l  c h a r a c t e r i s t i c s  of t h e  d i f f e rences  of two q u a n t i t i e s  i n  turbulent  
flow taken a t  d i s t ance  r .  Hence f o r  values r s a t i s f y i n g  condition ( 2 . 4 )  t h e  
s t r u c t u r e  of t h e  flow i s  defined by unique external  dimensional parameter E. 
This makes up t h e  content of Kolmogorov's second hypothesis. Since over t h e  
in t e rva l  of s ca l e s  of (2 .4 ) ,  only forces  of i n e r t i a  are a c t i v e ,  owing t o  which - / 1 2  
energy is t r ans fe r r ed  over t h e  spectrum of v o r t i c e s  from larger ones t o  
increasingly smaller ones, t h i s  i n t e r v a l  i s  o f t en  termed t h e  i n e r t i a l  i n t e r v a l ,  
and t h e  e n t i r e  i n t e rva l  r << L is ca l l ed  the  equilibrium i n t e r v a l .  

The word 

No dimensionless combination whatever may be constructed from E and r ,  
but it is  possible  t o  formulate a quant i ty  having the  dimensionality of ve loc i ty  
o r  t h e  square of ve loc i ty .  
uniform and l o c a l l y  i so t rop ic  turbulent  flow, Kolmogorov proposed the  use of 
t h e  so-cal led s t r u c t u r a l  function, t h e  root mean square d i f f e rence  of two 

. q u a n t i t i e s  character iz ing t h e  flow at  points  1 and 2 ,  t h e  d i s t ance  between 
which equals r. 
project ions of t he  ve loc i ty  i n  d i r ec t ion  r ,  t h a t  is, i t s  longi tudinal  oni- 
ponents. The longitudinal s t r u c t u r a l  function of ve loc i ty  then depends only 
on modulus r and i s  defined as 

As t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c  of l o c a l l y  

Inasmuch as the  ve loc i ty  i s  a v e c t o r i a l  quan t i ty ,  we take t h e  

Q I  ( r )  = [v, (t,) -'ut (r211* /hot (tilF. (2.5) 

Since D depends only on r ,  t h e  unique quan t i ty  having t h e  dimensionality 
U 

of t h e  square of ve loc i ty  which may be formulated from E and r -_ ..- ~ 

Q, ( r )  = CcMrs, 

i n  which C i s  a c e r t a i n  constant.  The r u l e  s e t  f o r t h  i n  (2.6) 

is t h e  following: 

has been confirmed 
atmosphere, and experimentally by numerous measurements i n  t h e  laboratory,  the 

the  ocean (see Monin, Yaglom, 1967, Section 23),  which ind ica t e  t h e  2imension- 
less constant t o  be C =S 2 .  

A r u l e  equivalent t o  (2.6) f o r  spec t r a l  dens i ty  was establ ished by 
Obukhov (1 94 1 ) : . -  

E ( & )  = C'c*R-"*, 
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i n  which constant C’ i s  associated with C and equals approximately 0.5 (see 
Monin, Yaglom, 1967, Section 23). 

The region of  a p p l i c a b i l i t y  o f  t h e  theory of s i m i l a r i t y  i n  which t h e  
dimensionless c r i t e r i a  o f  s i m i l a r i t y  ( in  our case r/Z ) are much l a r g e r  (or  

much smaller) than un i ty  is  ternled t h e  region of s i m i l a r i t y ,  s ince ,  as follows 
from physical considerat ions,  i n  t h i s  region not F’sry ex terna l  parameter 
en te r ing  i n t o  t h e  dimensionless c r i t e r i o n  i s  esst i a l  ( i n  t h i s  c s e  v ) .  Then 
f o r  t h e  q u a n t i t i e s  with which we are concerned we can write uniquc formulas i n  
t h e  form of algebraic  monomials by using t h e  remaining ex terna l  parameters, 
t h i s  meaning t h a t  t h e  q u a n t i t i e s  i n  question w i l l  be similar o r  even i d e n t i c a l  
i f  t h e  scales are properly se l ec t ed .  

0 

Now l e t  us r e t u r n  t o  t h e  l a r g e s t  scales. Since t h e  atmospheres of p l ane t s  
are t h i n  spher ica l  envelopes, t h e  spectrum f o r  them is  determined by develop- 
ment not i n t o  an in t eg ra l  but i n t o  a Fourier series, say on t h e  bas i s  of a 
c i r c l e  of  l a t l t u d e s  (or  on t h e  bas i s  of spher ica l  func t ions) .  
with scales much l a rge r  than t h e  a l t i t u d e  of  t h e  uniform atmosphere are 
quasi-two-dimensional, t h a t  i s ,  t h e  v e r t i c a l  v e l o c i t y  components sire much 
smaller than t h e  horizontal  ones. 

Large dis turbances 

- /13 

Coqsiderations regarding t h e  form o f  t h e  energy spectrum i n  two-dimen- 
s iona l  flow were f i rs t  advanced by Batchelor a t  t h e  beginning of  t h e  1960s, 
but t h e  corresponding work was not published by him u n t i l  1969. Similar con- 
s ide ra t ions  were a l s o  published by Kraichnan (1967). 
t r a n s f e r  of energy from i a rge  vo r t i ce s  t o  smaller ones cannot take plac,: i n  a 
r igorously two-dimensional f l u i d  (Lee, 1951; F j o r t o f t ,  1953; Kraichnan, 1967), 
owing t o  absence of t h e  e f f e c t  of extension of t h e  v o r t i c a l  f i laments.  
follows d i r e c t l y  from preservat ion of t h e  square of  t h e  vortex i n  a two-dimen- 
s iona l  nonviscous f l u i d .  However, a similar cascade process of t ra i s fe r  over 
t he  spectrum ma\* x c u r  f o r  a quan t i ty  termed entrophy (Kraichnan, 1967), which 
is  introduced l i t .  E ,  a s  

The cascade process of 

This 

i n  which R i  is  t h e  v o r t i c a l  ve loc i ty  vector  component. Then from t h e  q u a n t i t i e s  

rl [set- 3] and k [cm-’1, which def ine  the  s t r u c t u r e  t o  two-dimensiotial turbulence 
over a c e r t a i n  scale i n t e r v a l ,  one can formulate a quan t i ty  having t h e  dimen- 
s i o n a l i t y  of t h e  s p e c t r a l  dens i ty  of energy: 

E ( R )  - qw--R. (2.9) 

Real large-scale  atmospheric motions are a c t u a l l y  thrce-dimensional, bu t ,  

In 
f o r  p l ane t s  r o t a t i n g  with s u f f i c i e n t  speed, they are quasigeostrophic,  t h a t  i s ,  
t he  Cor io l i s  fo rce  i s  approximately i n  bnlance with t h e  pressure grad ien t .  
t h i s  instance t h e  so-called po ten t i a l  vortex is  preserved i n  t h e  flow (Ertel, 
1942; a l s o  see Monin, 1968, 1969), and t h e  concept of  poter , t ia l  entrophy may 
be introduced. Considerations of dimensionality then a l s o  lead t o  formula 
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(2.9), but rl i s  now t h e  po ten t i a l  entrophy (see Charney, 1971; Gavr i l in  e t  a l . ,  
1972). 

Processing of experimental d a t a  on t h e  wind f i e l d  i n  t h e  temperate l a t i t u d e s  
(see t h e  surveys by Leith,  1971; Gavri l in  et a l . ,  1972) has  yielded t h e  r e l a t i o n  
E(k) k - 3  for t h e  spec t r a l  region k = 7 t o  20. 

For k = 6 t o  7 t h e  energy spectrum usual ly  exh ib i t s  a maximum, and a small 
decrease (or approximately constant  spectrum) c l o s e r  t o  zero. I here apparent ly  
are no universal  laws f o r  t h i s  regian on t h e  l a rges t  scales. 

The ex is tence  of a synoptic maximum f o r  k r  * 6 t o  7 is t o  be ascr ibed t o  
t h e  so-called baroc l in ic  i n s t a b i l i t y  effect ,  which is  t h e  fact 
t h a t  t h e  excess po ten t i a l  energy of  t h e  atmosphere i s  converted t o  t h e  k i n e t i c  
energy of v ib ra t ions  with wavelengths corresponding t o  t h e  wave numbers 
indicated.  
of cyclones and anticyclone.. i n  t h e  atmosphere, t h a t  i s ,  weather as it is  
o rd ina r i ly  understood (see b r e n z ,  1967). 

Prec ise ly  Lhese modes of  movement are responsible  f o r  t h e  formation 

The sca l e s  of motions between 1000-2000 km and approximately 20 km are /14 
among the least s tudied regions of t h e  spectrum. 
t h e  sparse  network o f  weather s t a t ions ;  t h e  average d i s t ances  between them are 
several  hundred kilometers,  so t h a t  it i s  not poss ib le  t o  construct  s p a t i a l  
spec t ra  d i r e c t l y  on t h e  bas i s  of observat ional  da ta .  

The reason is by 

I f  t h e  frequency spec t ra  a t  one point  are known, an i t tempt may be made 
t o  e s t a b l i s h  t h e  s p a t i a l  spec t ra  by means o f  t h e  r e l a t i o n  k = o/U (w is  t h e  
c i r c u l a r  ve loc i ty  of  t i m ;  pu lsa t ions ,  and U t h e  mean wind speed),  t h a t  i s ,  t h e  
Taylor hypothesis s t a t i n g  t h a t  t h e  e v o l u t i m  i n  time of a vor tex  having wave 
number k i s  much longer than t h e  time of passage of  this vortex by an observer.  
A procedure such a s  t h i s  employed by Ellsaesser (1969) i n  t h e  processing of a 
large body of  observational mater ia l  demonstrated t h a t  f o r  per iods of  up t o  6 
hours t h e  s t r u c t u r a l  funct ion of ve loc i ty  i n  time is  

This r e l a t i o n  is  a l s o  s a t i s f i e d  f o r  per iods of 6 t o  36 hours f o r  s t r u c t u r a l  
funct ions constructed on t h e  bas i s  of d a t a  for t h e  i n t i r e  northern hemisphere, 
with t h e  exception of t h e  region of t h e  t r o p i c  s t ra tosphere .  
speed of U 
t o  r = U t  = 10 m/sec*36*3600 sec * 1.130 km. 
of hundreds of thousands of  kilometers,  t h e  v a l i d i t y  of appl ica t ion  of  t h e  Taylor 
hypothesis is  always doubt u1, and general1 

error w i l l  apparently not be too la rge  if t h e  r e l a t i o n  E(k) rcI k i s  assumed 
in  t h i s  region of t h e  spectrum ( the  wave numbei i n t e rva l  being one and one-half 
or two decades).  A t  any r a t e ,  t h i s  may be t h e  top  est imate .  

I f  a mean wind 
10 m/sec i s  adopted, t h e  "two-thirds law" i s  v a l i d  f o r  s ca l e s  up 

Of course, €or sca l e s  of t he  o rde r  

speaking it does not follow from 

-5/3 
propor t iona l i ty  D v ( t )  - t2  f j t h a t  Dv(r) - ='I3 and E(k) - k'5/3.  However, t h e  
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Yet another circumstance which it i s  t h e  simplest  t o  understand p rec i se ly  
from t h e  viewpoint of  t h e  k'5/3 law i s  represented by t h e  r e s u l t s  of Richardson 
(1926). 
unusual s ta t is t ical  r e l a t ionsh ips  obtained i n  t h e  atmosphere. After assembling 
and processing a grea t  v a r i e t y  of da t a ,  Richardson discovered t h a t  t h e  root mean 
square d is tance  between two p a r t i c l e s  labeled i n  some way i n  t h e  atmosphere 
i s  proportional t o  t h e  cube of time from t h e  beginning of observation o f  t h e s e  
par t  i c  les2: 

Richardson was t h e  f i r s t  t o  demonstrate t h a t  simple, although highly 

- 
f !  - p *  

(2.10) 

t h i s  r e l a t ionsh ip  remaining va l id  up t o  d is tances  of  t h e  order  o f  1,000 km. 
Coefficient o f  r e l a t i v e  d i f fus ion  of t hese  p a r t i c l e s  may be defined as 

The 

(2.11) 

This i s  t h e  well-known Richardson law, according t o  which t h e  coe f f i c i en t  - /1S 
o f  r e l a t i v e  d i f fus ion  of  two p a r t i c l e s  i s  proportional t o  t h e  mean d i s t ance  
between them t o  t h e  4/3 power. 

Theoretical  explanation of  t h e  Richardson law was given by Obukhov (1941), 
i n  t h e  same work i n  which t h e  law represented by (2.7) was es tab l i shed .  I t  i s  
based on analogoul; considerat ions of s i m i l a r i t y  and dimensionality,  although i t s  
app l i cab i l i t y  t o  such l a rge  scales remains uncertain.  I f  r i s  assumed t o  be a 
unique parameter def in ing  t h e  s t r u c t u r e  of tu rbulen t  flow, i t  is  poss ib le  t o  
construct  from E and r a unique combination having t h e  dimensionality of 
d i f fus ion  coe f f i c i en t  

h' C+br'.'. 

The Richardson-Obukhov law of (2.12) h a s  been repeatedly 
atmosphere (Monin, Yaglom, 1967, Section 24) and i n  t h e  ocean 
1970). According t o  a number of estimates, constant C2 is  on 

(2.12) 

ve r i f i ed  i n  t h e  
(Okubo and Ozmidov, 
t he  order  of 0.1. 

If quant i ty  E is  in  any way known f o r  la rge-sca le  motions, formula (2.10) i s  
used t o  es t imate  t k  coe f f i c i en t  of la rge-sca le  mixing of t h e  atmosphere 
(Zi l i t inkevich ,  Monin, 1971). 

I t  i s  a l s o  poss ib le  t o  employ formula (2.10) t o  es t imate  t h e  r e l a t i v e  speeds 
of divergence of two p a r t i c i t s  

1 , v  - - 
The expression obtained f o r  Av coincides i n  form 

Kolmogorov (compare (2.6) with (2.5) being taken in to  
speaking, it is not equivalent t o  it ( in  t h i s  context 

with the  r e s u l t s  of 
account),  although, s t r i c t l y  
compare t h ?  discussion of 

21t i s  t o  be noted t h a t  t h e  s t a t i s t i c a l  r e l a t ionsh ips  - of the  wandering of a 

Brownian p a r t i c l e  known up t o  t h a t  time yielded r2 v t .  
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t h e  r e l a t ionsh ip  between t h e  Lagrangian and Eulerian descr ip t ions  of turbulence 
given by Monin and Yaglom (1967, Sect ion 24)).  

A diagrammatic representa t ion  of t h e  space spectrum of  atmospheric move- 
ments i s  presented i n  Figure 2.  
and t h e  abscissa  i n  dimensionless u n i t s  kr ,  i n  which r i s  t h e  rad ius  of t h e  
Earth. 
k = 0 ,  t h a t  is, purely zonal flow. 
and a so l id  l i n e  i s  drawn after them. 
a region of quasi-two-dimensional turbulence,  i n  which E(k) .c, k-", and n 
The latter i s  followed by a r ion of large-scale  Richardson d i f fus ion ,  i n  
which t h e  r e l a t i o n  E(k)  - k- SF$ i s  proposed as t h e  upper estimate. In t h e  
region o f  scales of  t h e  order  of  t e n s  o f  kilometers,  t h e r e  is a mesometeorological 
minimum followed by a maximum of  small-scale turbulence due t o  i n s t a b i l i t y  of 
t h e  wind, convection, and t h e  l i k e ,  and l a s t l y  t h e  longest ,  purely Kolmogorov 
region of t h e  spectrum (measured i n  decades).  

The ord ina tes  are given i n  conventional u n i t s ,  

The boldface dot  on t h e  ord ina te  a x i s  marks t h e  energy corresponding t o  
Dots i nd ica t e  t h e  first t e n  harmonics, 

Synoptic maximum k r  * 6 is  followed by 
3. 

What typical f ea tu res  of t h e  space spectrum of t h e  Earth 's  atmosphere are 
inherent i n  t h e  atmospheres of other  p lane ts?  A synoptic maximum must apparent ly  
be preserved f o r  p lane ts  t h a t  r o t a t e  a t  not too  great a speed. 
f a c t ,  t h e  numerical experiments of Leovy and Mintz (1366, 1969) on simulation 
of  t h e  general c i r cu la t ion  on Mars ind ica t e  t h a t  such a maximum could be 
observed a t  k r  = 4 .  In t h e  case of  l a rge  and r ap id ly  r o t a t i n g  planets ,  th i s  
maximum cannot e x i s t ,  s ince  t h e  large-scale motions observed exh ib i t  no 
apparent i n s t a b i l i t y ,  o r  they are g rea t ly  displaced i n  t h e  region of  l a rge  
k r  values .  I t  i s  t o  be expected t h a t  a second (small-scale) maximum always 
e x i s t s ,  t o  t h e  extent  t h a t  it i s  associated bas i ca l ly  with loca l  i n s t a b i l i t i e s  
of t h e  wind i n  t h e  atmosphere on scales of t h e  order  of t h e  thickness  of t h e  
atmosphere. 

As a matter of /16 - 

Figure 2 .  Diagram of the  Energy Spectrum of 
Atmospheric Motions over a Broad In te rva l  of 
Wave Numbers. 
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3 .  Methods of  Studying t h e  Dynamics of Planetary Atmospheres 

The r o l e  o f  atmospheric motions i n  atmospheric dynamics varies i t 1  keeping 

Let us  consider t n e  methods employed t o  s tudy t h e  
with t h e  var ious space and time scales o f  t h e  motions, and t h e  methods o f  
studying them vary as well. 
dynamics of t h e  Earth 's  atmosphere. 

They include pr imari ly  0bservat;ons of temperature, wind, pressure ,  
humidity, c loudiness ,  and r ad ia t ion  which a r e  conducted r egu la r ly  a t  thousands 
o f  weather s t a t i o n s  very unevenly d i s t r i b u t e d  over t h e  Earth 's  surface.  There 
i s  a s u f f i c i e n t  dens i ty  o f  s t a t i o n s  only over a small p a r t  o f  t h e  land areas  
(around 20%),  while v i r t u a l l y  no provis ion is made f o r  observations cvcr t h e  
remainder o f  t h e  surface,  represented c h i e f l y  by t h e  oceans. This is  one of  
t h e  main reasons f o r  t h e  poor q u a l i t y  of long-term weather fo recas t s  a t  t h e  
present  time, 
prepara t ions  t o  ca r ry  out a World Program of Global Atmospheric Process 
Research (PIGAP) which i s  t o  be conducted during t h e  years  1976-1977. The 
bas ic  information, including t h e  temperature of t h e  underlying sur face ,  t h e  
p r o f i l e s  of temperature and humidity i n  t h e  atmosphere, observat ions of winds 
on t h e  basis of displacement o f  clouds and t h e  d r i f t  of balanced bal loons,  e tc . ,  
w i l l  be  obtained from s a t e l l i t e s .  

For t h i s  reason meteorologis ts  throughout t h e  world are making - /17 

The technique of using s a t e l l i t e s  may a l s o  be f u l l y  appl ied f o r  meteorologi- 
c a l  observat ions of t h e  atmospheres of o ther  p lane ts .  
escaping from t h e  atmosphere o f  Mars in  t h e  CO, absorpt ion region i n  t h e  

v i c i n i t y  o f  15 p have yielded highly i n t e r e s t i n g  r e s u l t s  on t h e  vertical  
temperature d i s t r i b u t i o n  of t h e  Martian atmosphere (Hanel e t  a l . ,  1972). For 
t h e  time being, however, it i s  r e a l i s t i c  t o  expect t h a t  only individual  
experiments may be conducted. 

Observatjons of r ad ia t ion  

L 

Another approach, one rep lac ing  observat ions i n  s ign i f icance ,  is represented 
In theory by numerical simulation of  t h e  behavior of p lane tary  atmospheres. 

it i s  poss ib le  i n  t h i s  way t o  simulate dynamic processes of  any scale. 
t i o n  is  e spec ia l ly  usefu l  f o r  study of t he  general  c i r cu la t ion  and cl imate  
on o the r  planets .  
method of studying t h e  d e t a i l e d  s t r u c t u r e  o f  t h e  d i s t r i b u t i o n  o f  wind and 
temperature, although it s t i l l  requi res  t h e  consumption of a very grea t  amount 
of labor .  S t a r t i n g  with t h e  f i r s t  numerical experiments of P h i l l i p s  (1956), such 
experiments and, by now more than 30 o f  them a r e  known, have reproduced 
f a i r l y  well t h e  basic  f ea tu res  o f  t h e  general  c i r c u l a t i o n  o f  t h e  Ear th ' s  
atmosphere. Leovy and Mintz (1966) were t h e  f i r s t  t o  apply t h i s  method f o r  
s tudy of  the  c i r c u l a t i o n  of another p l ane t ,  spec i f i ca l ly ,  Mars. They published 
de ta i l ed  ca l cu la t ions  i n  1969. Under t h e  guidance of A .  S .  Monin (see 
Zi l i t inkcLich ,  Monin, e t  a l . ,  1971; Turikov and Chalikov, 1971; Chalikov e t  a l . ,  
1971) numerical experiments were ca r r i ed  out i n  1970-1971 on simulation of  t h e  
c i r c u l a t i o n  of t h e  Venusian atmosphere. 

Simula- 

A t  t h e  present time t h i s  is  bas i ca l ly  t h e  only economical 

However, a basic defect  i s  inherent  i n  t h e  numerical experiments, a s  i n  
a l l  other  experiments o r  observat ions.  They show how a phenomenon develops or  
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t akes  place,  but do not explain i t .  
a phenorrtaon r equ i r e s  a f u l l  series of  cont ro l led  experiments performed a t  
d i f f e re r .  values of one or more parameters def in ing  t h e  phenomenon being 
s tudics  Variat ion of p a r t i c u l a r  parameters charac te r iz ing  an atmosphere i s  
esptc- iaJ ly  necessary i n  s tudy of t h e  c i r c u l a t i o n s  of o the r  p l ane t s ,  s ince  t h e  
values  of  many of  them are not known with s u f f i c i e n t  accuracy. For t h e  sake 
of gre:Lter c e r t a i n t y  regarding t h e  bas ic  f ea tu res  of t h e  predicted c i r cu la t ion ,  
it $ 5  nocessary t o  know t h a t  t h e  va r i a t ions  i n  these  parameters i s  i n s i g n i f i -  
cant .  For example, i n  numerical simulation it i s  necessary t o  spec i fy  with 
high prec is ion  t h e  op t i ca l  p roper t ies  o f  t h e  absorbing atmospheric gases.  
Very l i t t l e  s tudy has  been devoted t o  these  proper t ies  a t  high temperatures 
and pres sures .  Prec ise ly  f o r  t h i s  reason it was necessary for t h e  authors of 
t h e  exp.r iments  i n  quest ion on simulation of t h e  c i r c u l a t i o n  of  t h e  Venusian 
atmosph,re t o  perform two experiments: i n  t h e  first of t h e  experiments, t h e  
bulk of t h e  s o l a r  r ad ia t ion  ass imi la ted  by t h e  p lane t  reached i t s  sur face ,  and 
i n  t h e  second one, it was e n t i r e l y  absorbed i n  t h e  upper t h e o r e t i c a l  layer  of 
atnosphere. 

Thorough understanding of t h e  essence of 

- /18 

Esscnt ia l  information on t h e  na ture  of t h e  c i r c u l a t i o n  of  t h e  Ear th ' s  
atmosphere was obtained i n  laboratory s tud ie s  of  t h e  convection o f  a r o t a t i n g  
and not uniformly heated f l u i d .  Barocl inic  i n s t a b i l i t y ,  t h e  formation o f  
c y c l m i c  and an t icyc lonic  v o r t i c e s ,  t h e  formation of f r o n t s  and j e t  streams, 
procrsses  of t r a n s i t i o n  o f  energy from t h e  po ten t i a l  t o  t h e  k i n e t i c  form, 
t r ans fe r  of energy over t h e  spectrum, and o ther  important f ea tu re s  o f  t h e  
geneial  c i r c u l a t i o n  o f  t h e  atmosphere are reproduced i n  labora tory  experiments 
(Lorciz, 1967; S t a r r ,  1968; Monin, 1969; Hide, 1970). A t  t h e  same time it i s  
qu i t e  obvious t h a t  many seemingly highly important aspec ts  of  t h e  atmosphere 
and i s s  c i r cu la t ion  -annot be simulated i n  small laboratory u n i t s .  Hence t h e  
success iichieved 
r o l e  of :uch aspec ts  under na tura l  condi t ions is  not a dec is ive  one i n  de t e r -  
mining t h e  bas ic  f ea tu res  of t h e  general  c i r c u l a t i o n  of t h e  Earth 's  atmosphere. 
This i s  t h e  most s ign i f i can t  r e s u l t  of laboratory experiments. We s h a l l  c i t e  
four basii: conclusions (Hide, 1970). 

laboratory experiments permits t h e  conclusion t h a t  t h e  

1. 
t o  t h e  hori :ontal  i q  a?proximately 
even 1. 

in t h e  Ea r th ' s  atmosphere t h e  r a t i o  of t h e  v e r t i c a l  s ca l e  of  movement 

No dec is ivc  . G l e  is  accordingly played by t h i s  r a t i o .  
and i n  labora tory  experiments 0.1 o r  

2 .  Phasc -c.iversions of  moisture a r e  absent from laboratory experiments, 
t h a t  i s ,  t he re  is no p r e c i p i t a t i o n  and no r e l ease  of  l a t e n t  heat o r  l o s s  of  
heat t o  evaporation. 
pr imar i lv  k i t h  p rec ip i t a t ion ,  but a l l  t h i s  plays a subordinate  r o l e  i n  general  
circulaLlon processes.  

In everyday l i f e  t h e  na ture  o f  weather i s  associated 

3. I n  laborator)  experiments t he re  i s  no s i m i l a r i t y  with na tura l  condi t ions 
from t h e  viewpoint of t h e  Reynolds number, t h a t  i s ,  t h e  v i s c o s i t y  i s  many 
orders  of magnitaide higher than i n  r e a l i t y .  

4 .  14,- so-cal led @-e f fec t ,  t h a t  i s ,  change i n  t h e  Cor io l i s  force  with 
l a t i t r d r  , i s  absent.  
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A l l  t h i s  demonstrates t h a t  not a l l  of t h e  atmospheric parameters play t h e  
same r o l e  i n  determining t h e  na ture  of general  atmospheric c i r c u l a t i o n ,  and 
t h i s  f a c t  i n sp i r e s  a c e r t a i n  amount of  hope. However, it i s  now time t o  proceed 
d i r e c t l y  t o  t h e  su: j e c t s  of  our study, t h e  p lane ts  and t h e i r  atmosphere. 

388 
890 
981 
370 

2500 
950 
900 

1200 

4 .  Survey of Astronomic and Atmospheric Parameters of t h e  Solar  System Flane ts  

Let us  begin with a survey of t h e  necessary astronomic f a c t o r s  (Table 1) 
determining cl imate ,  and accordingly t h e  general  c i r cu la t ion :  t h e  d i s t ance  
between p lane ts  and t h e  Sun Ra ( i n  astronomic u n i t s ;  1 a .u .  = 149,500,000 km), 

t h e i r  radiuses  r ,  per iods of revolut ion around t h e  Sun T 

day t = h / w ,  t h e  angle  of inc l ina t ion  of  t h e  a x i s  of r o t a t i o n  t o  t h e  plane of 

of a planet  A. 
book by Moroz (1967). 
adopted, spec i f i c  mention is made of t h i s  circumstance whenever it arises. 
considerat ion is  given here  t o  Pluto,  s ince  f o r  t h e  time being v i r t u a l l y  nothing 
i s  known about it. 

t h e  length of t h e  
P' 

t h e  e c l i p t i c  9 t h e  acce le ra t ion  o f  grav i ty  g, and t h e  in t eg ra l  albedo / 19 
0' 

The information on these  parameters i s  taken b a s i c a l l y  from t h e  
If  cases in  which B d i f f e r i n g  from t h i s  information a r e  

No 

0.09 
0.77&0,07 
0.3 
0.20fo.06 
0.5 
0.5 
0.5 
0.5 

TABLE 1. ASTRONOMICAL PARAMETERS OF THE PLANETS. 

Planet 

Mercury . . 
Venus . . . 

Earth . . . . 
Mars . . . . 
Jupiter . . . 
Saturn . . . 
Uranus . . . . 
Neptune . . . 

0.39 
0.72 
1 

1 ,a 
5.2 
u,s 

19.2 
39,s 

I I  I 

9. 

28" 
2" 

23' 27' 
24" 57' 
3' 7' 

2fJ0 44' 

87.5" 
w 

Commas ind ica t e  decimal po in ts .  

O f  t h e  seven parameters l i s t e d  here ,  only t h e  mean d i s t ance  between a 
planet  and t h e  Sun, Ra,  and t h e  period of revolu t ion  around t h e  Sun, T are 
well known ( tha t  i s ,  known with "astronomic" accuracy).  The accuracy of t h e  
remaining parameters ranges from f r a c t i o n s  of  a percent t o  several percent .  

P' 

The rad ius  f o r  Mercury has been adopted on t h e  bas i s  of t h e  radar  obser- 
vat ions of Rsh, Shapiro, and Smith (1967); it i s  46 km smaller than t h e  value 
given by Moroz (1967). I t  i s  t h i s  which explains  t h e  la rge  value of g .  

The Venusian rad ius  of 6050 km (with an e r r o r  of 25 km) is  t h e  one uni-  
v e r s a l l y  adopted a t  t h e  present time and corresponds t o  numerous and var ied  
d a t a  obtained in  radar  measurements (see Ash e t  a l . ,  1968). The acce le ra t ion  



of g rav i ty  corresponds t o  t h i s  value and t o  t h e  mass of t h e  p l ane t ,  which equals  
0.815 of t h e  Earth’s  mass. The albedo value i s  based on t h e  d a t a  of I rv ine  
(1968). 

According t o  a number of measurements made i n  recent  years  (see, f o r  
example, Raschke, Bandeen, 1970) t h e  albedo of Earth is 0.3. 

The value f o r  t h e  r ad ius  of Mars has been borrowed from t h e  d a t a  obtained 
i n  f l i g h t  path measurements by t h e  Mariner-9 s t a t i o n  (Steinbacher e t  a l . ,  1972). 
The albedo value,  0 . 2 ,  corresponds approximately t o  t h e  r e s u l t s  of averaging 
over a de ta i l ed  map of albedo d i s t r i b u t i o n  on t h e  sur face  of t h e  planet  pre-  
pared by de Vakuler f o r  t h e  numerical experiments o f  Leovy and Mintz (1966, 
1969) r e l a t i n g  t o  simulation of t h e  c i r c u l a t i o n  of  t h e  Martian atmosphere. 

The mean value of  t h e  polar  and equator ia l  values  have been adopted f o r  
t h e  rad iuses  of J u p i t e r  and Saturn.  Both p l ane t s  are appreciably f l a t t e n e d  
because of t h e  speed of  t h e i r  ro t a t ion .  
and Neptune have been given i n  accordance with measurements made by Dollfus  
(1970). 
albedo. We everywhere assume A = 0.5, a s  i s  recommended by Moroz (1967), 
although value A may increase  t o  0.7 o r  even higher f o r  dense gaseous atmospheres. 
I t  i s  t r u e  t h a t  allowance f o r  atmospheric absorpt ion lowers t h e  albedo value.  

The values  fo r  t h e  rad iuses  of Uranus /20 

The most i n d e f i n i t e  values  f o r  t h e  l a rge  p lane ts  a r e  those of t h e  

Let us  now consider  t h e  parameters d i r e c t l y  charac te r iz ing  t h e  atmosphere 
i t s e l f .  The ch ief  among these  a r e  pressure p ,  t h a t  i s ,  t h e  mass of t h e  u n i t  
atmospheric column, M = p/g, t h e  chemical composition of t h e  atmosphere, and 
t h e  molecular weight o f  t h e  l a t t e r ,  p .  
of great  importance in  assess ing  r ad ia t ion ,  but we do not c i t e  them here because 
of t h e  grea t  uncer ta in ty  regarding t h e i r  concentrat ions f o r  a l l  t h e  p lane ts .  
If  11 i s  known, by use of  t h e  equation of s t a t e  o f  an idea l  gas ,  one can determine 
such usefu l  c h a r a c t e r i s t i c s  of  t h e  atmosphere a s  t h e  heat capaci ty  per  u n i t  mass 

a t  constant pressure,  c = - - , i n  which K = c /c R = 8.314 x 10 erg/ 

/(mol*K) i s  the  universal  gas cons tan t ,  and y = g/c  i s  t h e  ad iaba t ic  v e r t i c a l  

temperature gradient  corresponding t o  t o t a l  tu rbulen t  v e r t i c a l  mixing of  t h e  
atmosphere ( the  entropy being constant  with a l t i t u d e ) .  

of n gases having molar concentrat ions a then C = e aiCpi, and t h e  

ad iaba t i c  exponent of  t h e  mixture Y i s  i n  t h i s  instance determined from t h e  
0’ 

equation 

The o p t i c a l l y  a c t i v e  admixtures are 

K 7 
p K - 1  11 P v y  

a P 

I f  t he re  i s  a mixture 

Po 1 - 1  i ’  

which follows from the formula f o r  t h e  molar heat capac i ty  C 

gases (Cvi = K / K ~  - 1 ) .  Generally speaking C and consequently y as well ,  V’ a 
a r e  funct ions o f  pressure and temperature,  although f a i r l y  weak ones. 

of a mixture of 
V 

We s h a l l  
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disregard these  r e l a t i o n s ,  assuming t h e  gas t o  be an idea l  one, but f o r  deep 
atmospheres, such as those of Jup i t e r ,  o r  even Venus, t h e  values of c and y 

vary considerably with depth. 
P a 

An importznt c h a r a c t e r i s t i c  of  t h e  thermal conditions of t h e  atmosphere of 

I f  t h e r e  a r e  no in t e rna l  sources of energy whatever, t h e  equilbrium 
a planct i s  

Te. 
temperature i s  determined from t h e  balance of incident  s o l a r  energy and t h e  
escaping r a d i a r i m  f l u x  

epresented by t h e  equilibrium temperature of escaping r a d i a t i o n ,  

i n  which q = q (1 - A ) ,  q is  t h e  s o l a r  constant for t h e  p l ane t ,  A i t s  albedo, 

and u = 5.67*10-' erg/(cm2-sec*K ) is t h e  Stefan-Boltzmann constant .  
A 0  0 

4 Hence 

/21  Value T serves as a gage of t h e  energy supplied t o  t h e  atmosphere. I t  - e 
continues t o  be such even when i n t e r n a l  sources of energy a r e  present ,  as is  
t h e  case with J u p i t e r  and Saturn (Aumann, G i l l e sp ie ,  Low, 1969;. For these 
p l ane t s  t h e  values of T have been found t o  be such t h a t  t h e  balance condition 

of ( 4 . 2 )  i s  not s a t i s f i e d  even when A = 0. I t  i s  j u s t  f o r  t h i s  reason t h a t  we 
s e l e c t  Te r a t h e r  than q 

e 

0' 

I f  Te i s  known, it i s  possible  t o  estimate t h e  a l t i t u d e  o f  t he  homogeneous 

atmosphere a t  t he  level  of formation of t he  escaping r ad ia t ion :  

and t h e  speed o f  sound a t  t h e  same level  

A l l  t he se  values a r e  given i n  Cable 2 .  

I t  i s  t o  be noted t h a t  not a l l  t h e  data  contained in  the  f i r s t  two columns 
a r e  i n  agreement with those given in  t h e  book by Moroz (1967). The remaining 
columns a r e  calculated on the basis  of known values p, K ,  and t h e  d a t a  of Table 
1. The pressitre a t  the surface (p ) of Mercury may be much lower than 1 mb, 

and t h e  upper l i m i t  of the C02 content i s  now estimated a t  0 . 0 4  mb (see 

Bergstrahl,  Gray, and Smith, 1967). According t o  t h e  measurements made by 
Venus-7 (see Narov et  a l . ,  1971), M f o r  Venus i s  near 100 kg/cm2 (around 90 

S 
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atmospheres) 3 .  
t h e  time of  t h e  d i r e c t  measurements made by Vinogradov e t  a l .  (1968, 1970), 
which show t h a t  it cons i s t s  almost e n t i r e l y  of carbon dioxide.  

The composition o f  t h e  Venusian atmosphere has been known s ince 

TABLE 2.  ATMOSPHERIC PARAMETERS OF PLANETS 

c ,  1 c p '  ' t l r '  I , I 1, K u  1 Tc I H h\( e 
erg/g K m/sec 

I I I I I I 

Planet 

Mercury < 0. I 
Venus 

Jupiter 
Saturn 2 .  IO' 
Uranus I OJ 
Neptune I (tj 

Commas ind ica t e  decimal po in ts .  

2 For Mars p 

f igu re ,  which follows from t h e  da t a  of  Mariner-6 and Mariner-7 (see Rasool, 
Stewart ,  1971). 
C 0 2 ,  but s ince  t h e  content of  such obvious candidates a s  n i t rogen ,  argon, o r  

neon does not exceed 1% (Barth e t  a l . ,  1971), f o r  Mars as well we adopt p = 4 4 .  

= 6 ? 2 mb, t h a t  i s ,  M = 16 g/cm . 
Their d a t a  ind ica t e  t h e  poss ib le  presence of gases o the r  than 

This i the  most probable /22 - s 

The atmospheres of J u p i t e r  and Saturn must be very deep. Probably no 
phase s h i f t s  from t h e  gaseous t o  t h e  l i qu id  o r  so l id  s t a t e  take  p lace  a t  a l l  
i n s ide  J u p i t e r ,  i n  view of  t h e  high temperatures and pressures  i n  i t s  i n t e r i o r  
(Trubitsyn, 1972; Zharkov, Trubitsyn, Samsonenko, 1971), t h a t  i s ,  t h e  matter of 
t h e  planet  i s  i n  t h e  s u p e r c r i t i c a l  s t a t e .  
atmospheric depth loses  a l l  meaning i n  t h i s  case.  

For t h i s  reason t h e  concept of 

The pressure (mass) c i t e d  i n  t h e  t a b l e  f o r  J u p i t e r  and Saturn corresponds 

During t h e  1960s the re  was observed f o r  J u p i t e r  a tendency toward 
t o  t h e  cloud cover l eve l ,  a t  wh ich  it i s  known accurately t o  a f a c t o r  of  t h e  
order  o f  2 .  
lowering of t h e  molecular weight e s t i m a t s  from 4 (bas i ca l ly  helium) t o  2 . 6  
(Moroz, 1967). More r ecen t ly  ( fo r  example, see  Owen, 1969) t h e r e  i s  increasing 
inc l ina t ion  t o  adopt t h e  viewpoint t h a t  t h e  composition of t h e  la rge  p lane ts  
i s  near t h e  d i s t r i b u t i o n  of t h e  chemical elements i n  space. 
K = 1 . 4 2 .  
J u p i t e r  and Saturn we have adopted values  o f  T 

of  heat (Aumann, Gillesvie, Low, 1969). Unfortunately,  lack of  p rec i se  knowledge 

3According t o  t h e  da ta  of measurements made by t h e  Soviet Venus-8 space s t a t i o n  
(see "Pravda" o f  10 September 1 9 7 2 ) ,  t h e  pressure on t h e  surface of t h e  planet  
a t  t h e  poin t  a t  which the  s t a t i o n  landed was 90 C 1.5 kg/cm2,  t h a t  i s ,  t he  
atmospheric column mass equals 99 f 1.5  kg/cm;!. 

Then p = 2 . 2  and 
We have adopted p rec i se ly  these  values  f o r  Uranus and Neptune. For 

ind ica t ing  in t e rna l  sources e 
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of the  albedo vb ue f o r  these planets permits only t h e  statement t h a t  t h e  
in t ens i ty  of these sources i r  comparable t o  t h e  inf lux of heat from t h e  Sun. 
No one has measured t h e  temperature f o r  these  two last-named p lane ts ,  and 
we have adopted them, i n  accordance with ca lcu la t ions  based on formula (4 .3 ) ,  
with an albedo value of A = 0.5. 
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CHAPTER 2. THEORY OF SIMILARITY FOR GENERAL 
CIRCULATION OF PLANETARY ATMOSPHERES 

5. Estimates of Certain General Circulation Character is t ics  Based on Con- 
s iderat ions of Energy and Thermodynamics 

The f i r s t  h in t s  tha t  there  may be cer ta in  simple quant i ta t ive  mechanisms 
i n  operation i n  planetary atmospheres were received by the  author a s  he became 
acquainted with the work of Monin (1968). 
demonstrated by three  independent methods tha t  t he  typical  duration of 
synoptic processes i s  on t h e  order of several  days for the  Earth 's  atmosphere 
(also see Monin, 1969). 

In Section 2 of t h i s  book it was 

As a matter of  fact ,  the  power of  t he  solar energy coming towards the  
Earth 's  atmosphere equals 1.2*1017 w t ,  i n  view of the  albedo of the  la t te r .  
According t o  t h e  empirical estimates of Palmen (1959), t he  r a t e  of conversion 
of potent ia l  t o  k i n e t i c  energy a E / a t  i s  approximately equal t o  2 0 1 0 ~ ~  w t .  
t h e  t o t a l  mass of t he  Earth 's  atmosphere i s  Mo = 5.3-102' g, t he  conversion 

empirical estimates of Borisenkoi (1963), Gru?a (1965), and Oort (1964), the  
t o t a l  k ine t ic  energy of atmospheric motions var ies  from season t o  season and 
amounts t o  (6 t o  9)*1OZo j ,  t h a t  i s ,  (6 t o  9)*1027 erg. 
estimate of E = 7.5*1OZ0 j, which was used by Lorenz (1967). 

Since 

r a t e  referred t o  t h e  un i t  mass i s  E - M - l  a E / a t  sz 4 cm 2 3  /sec . According t o  the  0 

We adopt Oort 's  
Then the  typ ica l  

5 20 
energy conversion time 'I = -- = 7-5.10 = 3.7.10 sec 5 4 days. ( ) 2 . 1 ~ ~ ~  

The typ ica l  degeneration time of the  energy of synoptic processes is found 
t o  be of the  same order,  owing t o  the  turbulent v i scos i ty  introduced i n  
accordance with Richardson (1926) (see above, Section 2), 

i n  khich K is  the r e l a t i v e  diffusion coef f ic ien t .  

The typical  scale  o f  length f o r  synoptic processes i s  according t o  Obukhov 
(1949b) of the  order of 

c V F  
(5.2) f.<, - 7 -=. I '  

In t h i s  equation c i s  t h e  veloci ty  of l i g h t ,  and I = 2w s i n  9 the Coriol is  - /24 
parameter (8 equals l a t i t ude ) ;  i n  the  temperate la t i tudes  L * 3,000 km. The 0 
radius of cor re la t ion  of meteorological f i e l d s  of pressure or  temperature con- 
sidered from the s t a t i s t i c a l  viewpoint have the same sca le  (see,  fo r  example, 
Fortus, 1964). By use of t h i s  value of L 

5 obtain 'I" a 3.10  sec. 
and the  value E = 4 cm2/sec3, we 0 

The Eulerian time scale  fo r  synoptic processes, 
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T 

i n  t h e  atmosphere equal l ing 10 m/sec is  adopted as U .  

= 1, /U, i s  of t h e  same order ,  if a c h a r a c t e r i s t i c  r a t e  of westerly t r a n s f e r  1 0  

The f irst  two estl-rntes demonstrate t h a t  much useful informatian may be 
extracted from knowledge of only one quant i ty  E, t h e  s p e c i f i c  r a t e  of generation 
o r  d i s s ipa t ion  of k i n e t i c  energy i n  t h e  atmosphere. 

The general formula proposed by t h e  author (1968) on t h e  b a s i s  of t h e  
following considerations may be used t o  determine E. 

generation (d i s s ipa t ion )  of k i n e t i c  energy i n  t h e  atmosphere represents  a 
c e r t a i n  port ion E of the  t o t a l  f l ux  of s o l a r  energy enter ing t h e  atmosphere, 
UA = m 2 q  (1 - A ) .  

u n i t  mass, on t h e  average E = nqA/4M = nq/M. Since a l l  motion i n  t h e  atmosphere 

r e s u l t s  from uneven heating of t he  atmosphere, quant i ty  E, which cha rac t e r i zes  
the  r a t e  of generation of k i n e t i c  energy i n  large-scale  general c i r c u l a t i o n  
processes, must depend bas i ca l ly  on t h e  typ ica l  temperature d i f f e rence  i n  t h e  
atmosphere, it being obvious t h a t  i f  6T = 0 ,  then E = 0, and consequently 
rl = 0 as  well .  
i n t o  a series - and it is  co r rec t  t o  do so i f  t h e  temperature departures from 
t h e  mean a r e  s l i g h t  - we may wr i t e  

The t o t a l  r a t e  of 

Hence i f  t h e  q u a n t i t i e s  i n  question a r e  r e fe r r ed  t o  t h e  0 

Then i f  we r e s t r i c t  ourselves t o  t h e  f i r s t  term of expansion 

h f  T j = k -  
f, ' ( 5 . 3 )  

i n  which T 

and k i s  a numerical c o e f f i c i e n t .  A s  a r e s u l t ,  

i s  t h e  temperature of t h e  most g r e a t l y  heated p a r t s  of t h e  atmosphere 1 

There i s  a s  yet apparently no way of determining k ,  but i t s  value may be 
estimated by taking as  a bas i s  t h e  empirical ma te r i a l s  of t h e  Earth 's  atmosphere, 
and, i n  t h e  case of Mars, t h e  r e s u l t s  of t h e  ca l cu la t ions  by Mintz and Leovy 
(1969). 
a r e  in t e re s t ed  depend only s l i g h t l y  on the  value of  k :  rough estimates y i e ld  

the  r e l a t i o n  k'1/3, and more p rec i se  ones even k ' l4 .  Hence it i s  s u f f i c i e n t  t o  
e s t a b l i s h  merely the  order of magnitude of k .  I t  i s  t h i s  circumstance which 
j u s t i f i e s  t h e  broad appl icat ion of formula (5.4) here t o  t h e  atmospheres not 
alone of E e - t h  and Mars but t o  those of other  planets  a l s o .  

As we s h a l l  see l a t e r  on, many of t he  c h a r a c t e r i s t i c s  i n  which we 

An almost obvious statement of inequal i ty  may be wr i t t en  a t  t he  very ou t se t  
f o r  quant.t;. k .  
of t he  atmosphere regarded as a heat engine (of t h e  f i r s t  kind, t o  use t h e  
terminology of V .  V .  Shuleykin, 1968) i n  the  conversion of s o l a r  energy t o  
the  k ine t i c  energy of atmospheric motinn. 1 
ideal  heat engine, quant i ty  k = q/q id  may on t h e  analogy with t h e  tec!mical 
terminology be termed t h e  u t i l i z a t i o n  C x t o r .  

A s  a matter of f a c t ,  TI performs the  r o l e  of e f f i c i ency  r a t i o  
- / 2 5  

Since 6T/T i s  t h e  e f f i c i ency  of an 

I t  i s  then obvious t h a t  

k I .  
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since it can hardly be assumed t h a t  atmospheres operate  as an i d e a l  heat 
engine. 

Successful u t i l i z a t i o n  of  formula (5.1) for  estimation of t h e  typ ica l  
times o f  general c i r c u l a t i o n  processes provides t h e  impetus toward f u r t h e r  
development o f  ideas of t h i s  kind, f o r  example, f o r  es t imat ions of  t h e  v e l o c i t y  

u 2: ( € L ) ' S .  (5.6) 

2 By s u b s t i t u t i n g  E = 4 cm /sec3 and L = 3,000 km i n  (5.6) ke cLtdin ti = 13' 0 
cm/sec = 10 m/sec, t h e  t y p i c a l  wind speed on Earth. The coe f f i c i en t  eqi ?g 
approximately 1 .5  (see formula ( 2 . 6 ) )  which must be allowed f o r  i n  th:s 
formula) merely improves t h e  r e s u l t .  

Let us estimate the  value of k f o r  t h e  Ea r th ' s  atmosphere, assuming 6T r~ 
5 2 2 3  50 K ,  T1 300 K ,  q = 2.1-10 erg/cm Osec, and E = 4 cm /sot . Then i n  

accordance with (5 .4 )  k a 0.1. We s h a l l  d i scuss  t h e  value o f  k i n  g r e a t e r  
d e t a i l  i n  Section 1 2 ,  drawing upon a v a r i e t y  of empirical  material, but it i s  
p rec i se ly  t h i s  value which we s h a l l  i n  t h e  main use. 

For Mars t h e r e  are t h e  d a t a  of measurement of temperature d i s t r i b u t i o n s  
over t h e  sur face  (see Moroz, 1967) and a number of temperature ca l cu la t ions  
i n  which r a d i a t i o n  equilbrium is  assumed (Prabhakra, Hogan, 1965; Ohring, 
Mariano, 1968). Thus, assuming K = 0.1 we can estimate E with (5.4). On t h e  
equator of Mars t h e  mean d a i l y  temperature T 

T2 FZ 150 K .  

For Mars L 2: 2000 km, s ince  2 is  almost t h e  same as on Earth and t h e  speed 
0 

of sound is  approximately two-thirds t h a t  on Earth (see Table 2 ) .  Then U 40 
m/sec, a value coinciding with t h e  mean speed calculated by Leovy and Mintz 
(1966). Later we w i l l  see t h a t ,  according t o  the  r e s u l t s  obtained by Leovy and 
Mintz (1969), k 0.01 f o r  Mars, and t h a t  estimation of t h e  speeds proves not 
t o  be such a simple matter, while t h e  agreement between the  speed value obtained 
and t h e  t h e o r e t i c a l  value i s  the  r e s u l t  o f  a number of  f a c t o r s  as yet not 

- 2  accounted f o r .  Even a t  k = 10 we would nevertheless  obtain U 20 m/sec, t h a t  
i s ,  again we would not be t o o  f a r  from t h e  ac tua l  condi t ions .  

% 250 K ,  and on t h e  winter pole 
2 3  1 

Then i f  p = 5 mb (Leovy, Mintz, 1966), we have E * 300 cm /sec . 
S 

Hence t h e  example of t h e  Ear th ' s  and t h e  Martian atmosp,lercs i n s p i r e s  

assigned i n  advance. 
furt!rer development of our as yet e l l t i r e ly  elementary estimates, which i n  
addi t ion make use of t h e  values of 6T and T A t  t h e  same 
time, t h e  last-named values i n  any general c i r c u l a t i o n  t?ieory t h a t  is  t o  any 
extent complete and se l f - cons i s t en t  must be determined by ex te rna l  astronomic 
f a c t m s  and t h e  p rope r t i e s  of t he  atmosphere i t s e l f ,  t h a t  is ,  by t h e  da t a  con- 
ta ined i n  Tables 1 and 2 .  

1 
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/ 2 6  Quantity T1 can be estimated i n  a q u i t e  simple manner: it must be of - 
t he  same order a s  equilibrium temperature Te defined by ( 4 . 3 ) .  We w i l l  w r i t e  

( 5 . 7 )  
, .. 7'1 ,. I:. 

For t h e  r a t h e r  shallow atmospheres of Earth and Mars, a 1 1  (somewhat l e s s  
For deep atmospheres such a s  t h a t  of  Venus, a may be estimated i f  than un i ty ) .  

t h e  mass of t h e  atmosphere, t h e  v e r t i c a l  ' i a b a t i c  gradient ,  and the  pressure 
a t  t h e  l eve l  of formation of t he  escaping r ad ia t ion  a r e  know.1, these general ly  
being access ib l e  t o  astronomic observations,  o r  simply i f  t he  surface 
temperature i s  known, a s  it is  i n  t h e  case of Venus from t h e  d a t a  of radio 
astronomy or  from extrapolat ion of d i r e c t  measurements. 
/750 K 5* 1/3. 

1/3, t he  d i f f e rence  between a and un i ty  w i l l  f o r  t h e  time being be disregarded. 

For Venus a = 230 K/ 
Since T f igu res  i n  quan t i ty  E, which f u r t h e r  f igu res  i n  exponent 1 

To determine g m n t i t y  6T, we use t h e  e y a t i o n  f o r  heat balance i n  t h e  
atmosphere, which a f t e r  averaging over t h e  a l t i t u d e  i n  t h e  s t a t iona ry  case may 
be wr i t t en  i n  t h e  following s implif ied form (see Go l i t sy r ,  1970a, b): 

According t o  ( 5 . 8 )  advection of heat i n  t h e  a t n x p h e r e  is counterbalanced 
by r ad ia t ion  i n t o  outer space. 
a r e  e-;erywhere small i n  comparison t o  t h e  equilibrium value of t he  temperature, 
T . 
thermal conditions of t h e  atmosphere. A more d e t a i l e d  quan t i t a t ive  ana lys i s  
of t hese  conditions w i l l  be presented i n  Section 6 ( a l s o  see Golitsyn, 1971). 
The appl icat ion of equation (5.5) t o  dark or  s l i g h t l y  i l luminated regions of 
t h e  atmosphere requires  na explanation but it is  approximately co r rec t  i n  
the  other  cases as well, s ince t h e  absorption of d i r e c t  s o l a r  r ad ia t ion  i n  t h e  
r a the r  t h i n  atmospheres of Earth and e spec ia l ly  of Mars is  s l i g h t .  

I t  i s  v a l i d  i f  t he  temperature departures  

This takes  plsce when large-scale  dynamics play a dec i s ive  r o l e  i n  t h e  
t! 

Let us consider a slowly r o t a t i n g  planet gradient r of which i s  t h e  t y p i c a l  
space sca l e  of i t s  azonal atmospheric motions. Then 

From t h e  foregoing and from equation ( 5 . 8 ) ,  we have 

(5.10) 

T h i s  r e l a t i o n  expresses the  obvious f a c t  t h a t  t he  mean c i r c u l a t i o n  r a t e  
and t h e  temperatcre difference causing it a r e  c lose ly  associated and mutually 
cortsistent.  
t he  "external parameters" of Tables 1 and 2 .  

I t  i s  found t h a t  the i r  product may be estimated a pr ior i ,  through 
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Under t h e  condi t ions of (4.3) and (5.7) equations (5 .4 ) ,  (5.6), and (5.10) /27 
f u l l y  def ine  unknown quan t i t i e s  U, 6T, and E .  

only t h e  fo rmda  for ve loc i ty  U: 
For t h e  present we s h a l l  write 

(5.11) 

Thus ve loc i ty  U and the  o the r  unknown c h a r a c t e r i s t i c s  of  atmospheric c i r -  
cu la t ion  a r e  determined with t h e  prec is ion  of  empirical  constant  k merely by 
means o f  the  external  astronomic and astmospheric parameters. 

Let us addi t iona l ly  write t h e  expression f o r  t h e  t o t a l  mean k ine t i c  energy 
of c i r cu la t ion  

I 1' - 
2 

E = M,,U'  2er?,VMIi" =. 2rk ' -  - q/ -rR.  

That t h e  energy is independent of  t h e  mass o f  t h e  atmosphere i s  a very 

e, (5.12) 

surpr i s ing  f ac t  ca l l i ng  f o r  a f u l l e r  understanding t h a t  should be gained on t h e  
bas i s  of ana lys i s  of t h e  atmospheric dynamjcs equations.  

6 .  Lydrothermodynamic Equations f o r  General Atmospheric Ci rcu la t ion .  
Simi 1 a r i t  y Criteria. 

The motion of an atmosphere and t h e  conversions of  energy i n  it a r e  
governed by t h e  laws o f  preservat ion o f  momentum and mass, t h e  first law of  
thermodynamics, and t h e  eqiiation of  s t a t e ,  f o r  which we w i l l  use t h e  equation 
of s t a t e  of an idea l  gas: 

R .  
Y - y P L  

+ 
i n  which V is  the  ve loc i ty  vector ,  w i s  t h e  vec tor  of  sp in  of a p lane t ,  p is  t h e  
atmospheric dens i ty ,  g i s  t h e  acce lera t ion  of grav i ty ,  F a r e  t h e  mass forces ,  
general ly  construed as meaning f r i c t i o n ,  viscous i n  p rec i sc  equations o r  
turbulent  i n  meteorological research,  K = c /e is  t h e  ad iaba t i c  exponent, 

T is  temperature, Q i s  t h e  heat f l ux  per  un i t  mass, R i s  t h e  universa l  gas 
constant ,  and 11 is t h e  mean molecular weight o f  t h e  atmosphere. 

P V  

One of  t he  main d i f f i c u l t i e s  D f  meteorology l ies  i n  adequate descr ip t ion  - /28 
of  heat f l ux  Q. 
mation be represented i n  t h e  form of t h e  L 

rad ia t ion  and t h e  escaping thermal r ad ia t ion  (Lorenz, 1967) 

In an idea l  atmosphere t h e  heat f l u x  may i n  t h e  first approxi- 
i'erence between t h e  inc ident  s o l a r  

2 2  



i n  which q = q o ( l  - A)/4 ,  and function f(6, 9, z ,  t)  allows for t h e  geometric 

i l lumination conditions - t h e  dependence on l a t i t u d e  6 ,  longitude 9, and t h e  
time o f  year and day t ,  and t h e  r e l a t i o n s h i p  between absorption and a l t i t u d e  
t .  On t h e  bas i s  of t h e  r e s u l t s  of laboratory experiments (Section 3) ,  we dis- 
regard heat f l axes  der iving from phase t r a n s i t i o n s  i n  t h e  atmosphere and from 
turbulent  t r a n s f e r ,  which is less than t h e  advective or of t h e  sane order  as 
t h e  lat ter.  
experiments r e l a t i n g  t o  simulation of t h e  general  c i r c u l a t i o n  of t h e  Earth’s 
atmosphere, which make it possible  t o  obtain i n  t h e  main p l a a s i b l e  p i c t u r e s  o f  
c i r c u l a t i o n  with no allowance f o r  t h e s e  f ac to r s .  

This approximation is a l s o  favored by t h e  r e s u l t s  of numerical 

Formula (4.3) provides a na tu ra l  scale of temperature based 
f a c t o r s  alone. I f  t h e  gaseous composition of t h e  atmosphere and 
the  mean molecular weight are known, it is possible  t o  determine 
ve loc i ty  scale 

xRT, ‘I c = c, -= I-) , 
i’ 

on astronomical 
t h e  value o f  
t h e  na tu ra l  

i n  which c is  t h e  ve loc i ty  of sound corresponding t o  temperature T In (6.1)- 
e e‘ 

-(6.3) w e  normalize t h e  v e l o c i t i e s  t o  quan t i ty  c: 

v u = - .  
C 

We ind ica t e  t h e  space coordinates i n  u n i t s  of t h e  planetary r ad ius  r ,  

and time 

The densi ty  and pressure a r e  normalized t o  t h e i r  values at  t h e  su r face  of 
t h e  planet:  

? I I’ p -- -, Pr p’ - Ps ’ 

with 
(6.10) 

(6.11) 

i n  which CI = T /T 
between T and T i n  formula (5 .7)  is  disregarded).  We a l s o  introduce w = wn, /29 

S 1 
g = gk,  i n  which n and k a r e  u n i t  vectors .  
system (6.1)-(6.4),  t h e r e  appear dimensionless numerical parameters termed 
similari ty c r i t e r i a  because, i f  t h e  numerical values f o r  two p lane t s  a r e  equal,  
t h e  equations w i l l  be i d e n t i c a l  i n  both cases ,  t h a t  i s ,  t h e  c i r c u l a t i o n  p i c t u r e s  

< 1 (T i s  t h e  t y p i c a l  surface temperature; t h e  d i f f e rence  
-+ e s  S 

In t h e  dimensionless va r i ab le s  i n  
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w i l l  coincide t o  t h e  precis ion o f  t h e  scale factors, and they w i l l  be similar 
i n  t h e i r  dimensional va r i ab le s .  

In dimensionless va r i ab le s  equation (6.1) assumes t h e  form 

k - dU .: -- 211,lnUl - txq‘ F’p‘ + xll, - t F’, 
fit 

w r  11, - 7.  

(6.12) 

(6.13) 

(6.14) 

In t h i s  instance Il is  t h e  dimensionless r o t a t i o n a l  s i m i l a r i t y  parameter, 

I t  equals t h e  r a t i o  o f  t h e  l i n e a r  v e l o c i t y  
w 

termed t h e  r o t a t i o n a l  Mach number. 
of r o t a t i o n  of a planet a t  t h e  equator t o  t h e  v e l o c i t y  of sound, c 
meaning o f  t h i s  parameter i s  t h e  r a t i o  of t h e  r ad ius  of a planet  t o  t h e  Obukhov 
scale, L 

Another e’ 

defined as ce/w (see (5.2)).  

The second s i m i l a r i t y  c r i t e r i o n ,  I! 
0’ 

i s  t h e  r a t i o  of t h e  a l t i t u d e  of a 
g’ 

homogeneous atmosphere H t o  t h e  r ad ius  of t h e  planet  r. 
t h e  well-known fact t h a t  large-scale  motions are q u a s i s t a t i c ,  t h a t  is, v e r t i c a l  
acce le ra t ion  is  small i n  comparison t o  g. Equation (6.12) for t h e  v e r t i c a l  
v e l o c i t y  vector  component is then replaced by t h e  hydrostat ic  equation 

We take i n t o  account 

(6.15) 

while II 
t h e  vertical pressure d i s t r i b u t i o n  and t h e  v e r t i c a l  ve loc i ty  value.  

w i l l  not e n t e r  i n t o  t h e  other  equations. Thus iis value affects only 
g 

I t  :an be found by ana lys i s  of t h e  equation of d i scon t inu i ty  t h a t  t h e  
typical vertical ve loc i ty  value i s  

IC’ - rlxl ’. (6.16) 

More p rec i se  ana lys i s  allowing f o r  t h e  spin of  a p l ane t ,  t h a t  is, c r i t e r i o n  
TIw, shows t h a t  r e l a t i o n  (6.16) i s  t h e  t o p  estimate for W (Kibel’, 1957). 
obvious t h a t  f o r  a l l  p l ane t s  ll << 1, t h a t  is, t h e  v e r t i c a l  v e l o c i t i e s  are 
small i n  comparison with t h e  horizontal  ones; hence t h e  motioi. are quasihori-  
zontal .  

I t  is 

g 

Let u s  average t h e  energy balance equation (6.3) over a l t i t u d e .  In 
dimensionless va r i ab le s  it assumes the  form 

(6 .17 )  
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i n  which T' = T/Te. Since c2 = (K - 
dimensionless f a c t o r  on t h e  r i g h t  i n  
wr i t ten  as 

q r x  
c,, T,rM 
____ 

1) c T 
f r o n t  o f  t h e  expression i n  brackets  is 

and Te is defined by (4.3), t h e  130 P e' 

(6.18) 

i n  which 
Ila = x- 9% . I 

(6.19) 

i s  suscep t ib l e  of several  d i f f e r e n t  'M' 
i n t e rp re t a t ions .  Let us  first consider (6.18). The quan t i ty  Mc T = 1 i n  t h s  

denominator on t h e  lef t  is  t h e  heat content of t h e  u n i t  atmospheric column 
(accurate t o  a f a c t o r  of t h e  order  of a), and r/c = T 

of  pressure o r  dens i ty  dis turbances (Obukhov, 1949b) on t h e  global scale, which 
are propogated a t  t h e  ve loc i ty  of sound. Hence = qTe/I. On t h e  o the r  hand, 
as was demonstrated by Gierasch, Goody, and Stone (1970), the quan t i ty  

The energy s i m i l a r i t y  c r i t e r i o n ,  

P e  

is  t h e  r e l axa t ion  time e 

(6.20) 

is  a good minimum 
equilbrium i n  t h e  
water vapor, C02, 
r e l axa t ion  times; 
T it is  na tu ra l  0' 

estimate of t h e  time of establishment of t h e  loca l  r ad ia t ion  
atmosphere f o r  v i r t u a l l y  a l l  gases with which w e  are concerned: 
H2, and so f o r t h .  Hence IIM = T ~ / T ~  is  t h e  r a t i o  of two 

s ince t h e  mass of t h e  atmosphere f igu res  i n  determination of 
t o  term it t h e  thermal i n e r t i a  period of t h e  atmosphere. 

In t h e  absence of atmospheric motions, and with t h e  thermal i n e r t i a  of 
t h e  atmosphere disregarded, t h e  temperature of t h e  l a t te r  would >e determined 
from t h e  condition of l oca l  r ad ia t ion  equilibrium Q = 0, t h a t  is ,  

'I; (6.21) 

As i s  demonstrated by experience with t h e  Earth's atmosphere, t h e r e  is  a 

Hence t h e  normalized heat f l u x ,  
subs t an t i a l  d i f f e rence  between t h e  d i s t r i b u t i o n  of t h e  real temperaturc and 
the  loca l  r a d i a t i o n  equilibrium temperature. 

Q' = T V r  - T I 4 ,  i s  usua l ly  around uni ty .  Since usua l ly  U << c ,  it may be 

assumed tha t  t h e  requirement IIM << 1 w i l l  be a condition of absence of l oca l  

r ad ia t ion  equilibrium from t h e  atmosphere, and consequently w i l l  decide t h e  
influence of atmospheric dynamics on formation of t h e  temperature conditions.  
A more d e t a i l e d  ana lys i s  of t h e  s i t u a t i o n  i s  t o  be found i n  t h e  a r t ic le  r e fe r r ed  
t o  by Gierasch, Goody, and Stone (1970). 
(6.17) i s  wr i t t en  as 

4 

Thus i n  t he  s t a t i o n a r y  case equation 

( 6 . 2 2 )  
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I t  can e a s i l y  be demonstrated t h a t  i n  t h e  dimensional form equation (6.22) - 131 
coincides with equation (5.8) derived by purely h e u r i s t i c  means. 

Mercury . i . i n  * 
Venus . . . 8.3.10 

Mars . '. 3.2 I O  ' 
Jupiter . . . 2.4. IO 4 

Saturn . . . 5 5 .  IO-* 

Uranus . . . 1.10 ' 

Earth . . I . 2 . 1 0 3  

Hence t h e  basic  cr i ter ia  of s i m i l a r i t y  conztructed on t h e  bas i s  of purely 
external  parameters f o r  t h e  general  c i r c u l a t i o n  o f  planetary atmospheres are 
t h e  r o t a t i o n a l  Mach number flu,  t h e  r a t i o  of t h e  alt i tude scale t o  t h e  r ad ius  

of t h e  planet Jl The der iva t ion  o f  t h e  s i m i l a r i t y  

cri teria was first presented by t h e  author ir ? >71. In earlier papers by t h e  
author they had been derived simply as dimensionless combinaticns constructed 
from t h e  ext ernal  parameters . 

and energy cr i te r ior l  ItM. 
l3' 

8.5. IO ,' >I  
7.6. IO 1 . 1 0  ., 
1.17 1.17~10 
I .05 3,3* IO = 
I5,6 IO ' 
11.7 IO ' 
7.5 I O  

The dats  of l a b l e s  1 and 2 s u f f i c e  f o r  construct ion of t h e  s i m i l a r i t y  
cri teria i n  accordance with (6.13).  (6.16), and (6.19), f o r  t h e  p l ane t s  i n  t h e  
t ab le s .  

- Neptune 

I t  is evident from Table 3 t h a t  t h e  values of fl and ItM are everywhere 
g 

small. For t h i s  reason, as was stated i n  Section 2 ,  s i m i l a r i t y  i s  to  be ex- 
pected on the  bas i s  of them, t h a t  is ,  t h e i r  p rec i se  valties (or t h e  p rec i se  
values of any parameter f igu r ing  i n  them) may be i n s i g n i f i c a n t  f o r  determination 
of c e r t a i n  general c i r c u l a t i o n  c h a r a c t e r i s t i c s .  
s i m i l a r i t y  c r i t e r i o n  based on r o t a t i o n  Il i s  subject  t o  wide va r i a t ion .  I t  i s  
small f o r  Venus and Mercury, around u n i t y  f o r  Earth and Mars, and l a rge  f o r  the 
giant  planets .  Table 3 suggests t h a t  r o t a t i o n  should play a dec i s ive  r o l e  i n  
determining t h e  atmospheric dynamics and t h a t  c l a s s i f i c a t i o n  o f  t h e  p l ane t s  
according t o  t h e  nature  of general c i r c u l a t i o n  i n  t h e i r  atmospheres should be 
made p rec i se ly  on t h e  bas i s  of t h e  value of t h e  r o t a t i o n a l  Mach number Jl . 

A t  t h e  same time, t h e  

w 

w 

TABLE 3. SIMILARITY CRITERIA OF ATMOSPHERIC CIRCULATION 
FOR PLANETS 

h . I O  ' 6 I O  

Systematic study of t h e  r o l e  of nu has been made by t h e  author i n  col labora-  

t i o n  with Dikiy (1966) (a lso see Blinova, 1960; Longuet, Higgins, 1968; Dikiy, 
1969) f o r  t he  l i nea r i zed  problem of t h e  na tu ra l  v ib ra t ions  of a planetary 
atmosphere. I t  has been demonstrated t h a t  t h e  eigenfunctions descr ibing t h e  
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form o f  t h e  v ib ra t ions  d i f f e r  from zero i n  a c e r t a i n  zone ne.-Lr t h e  equator up 
t o  l a t i t u d e s  k 9 ,  so t h a t  cos  9 - -'I2, and t h e  v ib ra t ions  are r ap id ly  

at tenuated ou t s ide  t h i s  zone. 
meaning t h a t  at  l a rge  values w t he  Cor io l i s  force,  which i s  proport ional  t o  
2w s i n  9 ,  ex w s i v e l y  suppresses motions i n  t h e  temperate and high l a t i t u d e s .  
This a p p a r e n ~ ~ y  is t o  be ascribed t o  t h e  fact t h a t  t h e  apparent s t r i a t e d  s t r u c -  
ture on t h e  d i s c s  of J u p i t e r  and Saturn extend approximately only t o  t h e  
l a t i t u d e s  of 40-50'. 
with no s igns  of poles whatever. Even t h e  individual  spo t s  i n  t h e  polar  
regions appear much l e s s  f requent ly  than i n  t h e  equa to r i a l  o r  temperate regions 
(Peek, 1958; Alexander, 1962). 

In physical  terms t h i s  may be construed as 

The higher polar  regions are uniformly grey i n  co lo ra t ion ,  

Before going 011 t o  present f u r t h e r  material, it i s  appropriate  t o  
e s t a b l i s h  t h e  r e l a t i o n s h i p  between t h e  s i m i l a r i t y  cr i ter ia  indicated above and 
t h e  cr i ter ia  usua l ly  employed i n  study of t h e  large-scale  dynamics of t h e  
Earth 's  atmosphere (see,  f o r  example, Monin, 1969), for which c h a r a c t e r i s t i c  
ve loc i ty  U and t y p i c a l  scale L ( f o r  example, t h e  Obukhov s c a l e  of (5.2)) are 
known from observations.  There i s  f i r s t l y  t h e  Kibell-Rossby number 

and secondly t h e  Mach number 

U M a = - .  
C 

A s  w e  s h a l l  see l a t e r  (see Sections 8, l o ) ,  t hese  two s i m i l a r i t y  c r i te r ia  
are functions of c r i t e r i a  ll 

L/r, usual ly  introduced i s  inversely proportional t o  flu,  and t h e  parameter of 

q u a s i s t a t i c i t y ,  H/L,  is proportional t o  ll Il Our s i m i l a r i t y  criteria are SO 

t o  speak external  o r  primary ones, s ince  they have been constructed e n t i r e l y  
from t h e  astronomic and atmospheric parameters o f  t h e  p l ane t s  and make no use 
whatever of observational o r  Q priori estimates of c h a r a c t e r i s t i c s  of motion- 
- l i k e  vc loc i ty ,  which themselves depend on def i i i i t ion.  

and Nu. The geometric parameter of s p h e r i c i t y ,  M 

g w '  

The v e r t i c a l  temperature s t r u c t u r e  o f  t h e  atmosphere character ized by t h e  
Richardson number plays a major r o l e  i n  a r r i v i n g  a t  a de t a i l ed  p i c t u r e  of t h e  
large-scale  dynamics, and i n  p a r t i c u l a r  t h e  pos i t i on  of t h e  synoptic maximum 
(see Section 2 ) .  This numbcr i s  a gage of t h e  deviat ion of t h e  real v e r t i c a l  
temperature gradient from t h e  ad iaba t i c .  
v e r t i c a l  temperature s t r u c t u r e  i s  one of t h e  d i f f i c u l t  tasks of atmospheric 
physics and r equ i r e s  a l a rge r  number of con t ro l l i ng  parameters ( i n  p a r t i c u l a r  
t h e  absorbing p rope r t i e s  of t h e  o p t i c a l l y  a c t i v e  gases and t h e i r  v e r t i c a l  
d i s t r i b u t i o n ,  and so f o r t h )  than we make use of here.  
one cannot express t h e  Richardson number i n  t h e  form of a function of only 
th ree  external  similari ty c r i t e r i a .  

Detailed determination o f  t h e  

Hence t o  a l l  appearances 
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7. General Similarity Hypotheses for Large-Scale Motions of Planetary 
Atmospheres 

The simple structure of formula (5.12) naturally suggests the idea of 
attempting to use the considerations of similarity and dimensionality to deter- 
mine certain mean characteristics of the general circulation of planetary 
atmospheres. 
of the most complex hydrodynamic processes, since there are no precise solutions 
to many problems, usually nonlinear ones, in analytical form, while the 
numerical solutions are difficult to survey and it is difficult to determine 
the physical mechanisms from them. Many examples of use of these methods are 
to be found in the books by Sedov (1971) , Birkhoff (1950), Kline (1965), 
Landau and Lifshits (1954), and so forth. 

Methods of similarity and dimensionality have been used in study 

In use of the methods of similarity and dimensionality, the first step is 

If the problem is 
intelligent selection of the dimensional parameters and universal constants 
which are the most essential for the process being studied. 
formulated in mathematical terms, as in our case, these parameters enter into 
the equations and the boundary conditions. But generally speaking it is not 
compulsory to have a precise formulation of the problem; it is sufficient to 
restrict selection to the controlling parameters from physical considerations, 
as was done by the author in the first publications on this subject (see 
Golitsyn, 1970a, b). 

Analysis of the physical picture of the processes studied often makes it 
possible to draw conclusions regarding the insignificance of particular para- 
meters, or rather regarding the insignificance of their exact values in 
determination of a number of quantities sought. 
be made at once, and sometimes after analysis of the values of the dimension- 
less criteria of the problem and clarification of their physical significance. 
The conclusion regarding insignificance c -  particular dimensional parameters is 
of course a physical hypothesis rigoroL; proof of which usually cannot be 
provided. 
by agreement between the results obtained by its use and experimental data. 

Such conclusions may sometimes 

The justification of suck. an hypothesis is ultimately represented 

The smaller is the number of dimensional parameters, the larger is the 
number of rigid functional relationships established between the unknown 
quantities and these parameters. If there are n parameters, k of which possess 
independent dimensions, by means of the so-called 'TI theorem (for proof see, for 
example, the books of Sedov and Birkhoff cited above) it is possible to con- 
struct n - k dimensionless complexes on which our unknown quantities will 
depend. 
dimensions, the unknown quantities accurate to the dimensionless constant 
determined in theory or empirically are algebraic monomiais of these parameters. 
Experience shows that this dimensionless constant is usually on the order of 
unity. 

If n = k, that is, if all the controlling parameters have independent 

The system of equations describing the general circulation is reprcsented 
by equations (6.1)-(6.4). The controlling dimensional parameters in it are 
the angular velocity of spin ~[sec-'], the acceleration of gravity g[cm/sec 1, 2 
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t h e  dimensionless ad iaba t i c  exponent K = c /c and t h e  heat capaci ty  per  u n i t  

mass at  constant pressure c [cm /sec2-K]. I f  system (6.1)-(6.4) i s  wr i t t en  i n  

spherical  coordinates,  a radius  vector appears up t o  t h e  cen te r  of t h e  planet .  
The un i t  of measurement of t h i s  radius  vec to r  i s  t h e  apparent r ad ius  of t h e  
planet  r[cm]. The heat f l u x  expression (6.5) a l s o  includes t h e  s o l a r  constant 
for t h e  planet with allowance made f o r  t h e  albedo, q[g/sec3], and t h e  Stefnn- 
-Boltzmann constant a[g/sec3*K4]. Last ly  energy equation (6.17) a l s o  includes 
t h e  u n i t  column mass M[g/cm2]. 
regarded as disregard o f  o the r  energy f l u x  mechanisms introducing new dimensional 
constants.  

2 P v' 

P 

The physical hypothesis t h a t  w e  adopt may be 

Arguments j u s t i f y i n g  t h i s  hypothesis have been presented e a r l i e r .  

- /34 

In addi t ion,  i n  equation (6.1) t h e  expression for F a l s o  includes kinematic 
v i s c o s i t y  u. However, a l l  experience gained i n  study of t h e  hydrodynamics of 
l a rge  systems ind ica t e s  t h a t ,  at  Reynolds numbers Re 1, t h e  exact value o f  
t h i s  coe f f i c i en t  is i n s i g n i f i c a n t ,  although it is p rec i se ly  t h e  molecular 
v i s c o s i t y  t h a t  ul t imately ensures d i s s i p a t i o n  of t h e  k i n e t i c  energy t o  heat .  
The value o f  IJ determines only t h e  scales a t  which t h e  d i s s i p a t i o n  t akes  f l  ace 
(see Section 2), and not t h e  magnitude of t h e  la t ter .  

10 f o r  Mars Re - 10 . 
ments Re ly 10 , they nevertheless reproduce the b a s i c  f ea tu res  of 
atmospheric c i r c u l a t i o n  well. 
make use of i t ,  not as an external  parameter t o  be assigned but as a quan t i ty  
t o  be determined. Similar ly ,  t h e  c i r c u l a t i o n s  a r e  similar on t h e  bas i s  of t h e  
Peclet  number Pe = UL/S as well, where 6 is t h e  coe f f i c i en t  of m l e c u l a r  thermal 
conductivity.  

For Earth Re - 10' , and 

I t  i s  t o  be noted t h a t  i n  laboratory and numerical experi-  
. _- 3 

A s  regards turbulent  f r i c t i o n ,  we w i l l  subsequently 

To r ecap i tu l a t e ,  we have 6 dimensional parameters: w ,  g, c , q, r ,  and M, 
one universal  dimensional constant 6 ,  and one dimensionless constant K .  The 
last-named constant ,  as is shown by Table 2 ,  undergoes very l i t t l e  change from 
planet  t o  p l ane t ;  for t h i s  reason we s h a l l  exclude it from consideracion from 
t h i s  point onward. 
dimensionless parameters and t h e  constants obtained below should a l s o  depend on 
K ,  a circumstance which may introduce addi t ional  dispers ion i n t o  t h e i r  empiri- 
c a l l y  determined values. 

P 

In theory, however, a l l  t h e  universal  functions of 

O f  t he  seven dimensional q u a n t i t i e s  indicated,  only four possess independent 
dimensions, sin;:e four primary dimensions (length,  t ime, mass, and temperature) 
f igu re  i n  t h e i r  determination. Hence, i n  accordance with t h e  p theorem of t h e  
theory of dimensionality,  it i s  possible  t o  construct  t h r e e  independent dimen- 
s i o n l e s s  complexes. We s e l e c t  as t h e  l a t te r  the s i m i l a r i t y  c r i t e r i a  already 
introduced, ng, nu, and nM, t h e  values of which f o r  t h e  p l ane t s  a r e  given i n  

Table 3. 

Since ll i s  small f o r  a l l  t h e  p l ane t s ,  t he  hypothesis may be advanced t h a t  
€! 

i t s  precise  value i n  t h e  f i r s t  approximation i s  in s ign i f i can t  i n  determination 
of  t h e  mean cha rac t e r i s t i c :  of  general c i r c u l a t i o n .  
exclusively i n  TI but not i n  n g u 

The only parameter f igu r ing  
and TIM i s  t h e  acce le ra t ion  of g rav i ty  g. Hence 
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t h e  hypothesis regarding t h e  s i m i l a r i t y  of c e r t a i n  mean c i r c u l a t i o n  cha rac t e r i s -  
t i c s  r e l a t i v e  t o  Il when Il 
s i m i l a r i t y  r e l a t i v e  t o  t h e  exact value of g as soon as it is  " s u f f i c i e n t l y  
large". 

t h e  v e r t i c a l  v e l o c i t i e s  depending on II 
g 

ones, which do not depend on Il . Tius, f o r  example, t h e  t o t a l  k i n e t i c  energy 

o f  c i r c u l a t i o n  need not depend on g i n  t h e  f i r s t  approximation. 
we subsequently exclude g from t h e  number of con t ro l l i ng  parameters, assuming 
it t o  be s u f f i c i e n t l y  large.  We may note  t h a t ,  i f  t h e  acce le ra t ion  of g r a v i t y  
were not t o  e x i s t  a t  a l l  i n  t h e  system (g = 0 ) ,  no convection would occur, and 
d i f f e r e n t i a l  heating would not set t h e  atmosphere i n  motion. 
he re  is t h e  same as i n  ana lys i s  o f  t h e  r o l e  of kinematic v i scos i ty :  
not t o  exist at  a l l ,  k i n e t i c  energy would constant ly  be increased. 
but f i n i t e  values of v i s c o s i t y  l i m i t  t h i s  growth, but i f  t h e  Reynolds number 
i s  large,  t h e  exact value of t h e  v i s c o s i t y  i s  i n s i g n i f i c a n t .  

<< 1 may be reformulated as t h e  hypothesis of 
g g 

In Section 6 w e  saw t h a t  a small value of II denotes small values  of 
g 

o r  g i n  comparison t o  t h e  horizontal  

g 
On t h i s  b a s i s  /35 - 

The s i t u a t i o n  
i f  it were 

The small 

The following s i m i l a r i t y  criteria based on r o t a t i o n  Ilw are understandable 

When Ilw << 1, t h e  r o l e  o f  t h e  Cor io l i s  force is small, and 
t h i s  

i n  physical  terms. 
w may then be excluded from consideration. 

parameter begins t o  play an unexpected new r o l e ,  which w i l l  be discussed i n  
Section 10. 

But with very small values II 
w 

The fact t h a t  f o r  a l l  t h e  p l ane t s  (except Mercury) IIM << 1 makes it poss ib l e  

t o  advance t h e  hypothesis of s i m i l a r i t y  r e l a t i v e  t o  t h i s  s i m i l a r i t y  c r i t e r i o n  
as wel l ,  as soon as t h e  thermal i n e r t i a  of t h e  atmosphere i s  s u f f i c i e n t l y  
large.  This means t h a t  one o f  t h e  dimensional parameters enter ing i n t o  II i s  

i n s i g n i f i ~ c a n t ,  or r a t h e r  t h e  exact value of t h i s  parameter is i n s i g n i f i c a n t .  
Without a f f e c t i n g  t h e  values of s i m i l a r i t y  parameters II 
t o  exclude t h e  mass of t h e  u n i t  atmospheric column M, it being assumed t o  bc 
s u f f i c i e n t l y  l a rge ,  so t h a t  IIM << 1. 

v e r i f i e d  only by experiment. 

M 

and flu it i s  poss ib l e  

This hypothesis, l i k e  t he  o the r s ,  can be 

g 

8. Slowly Rotating Planets with Dcnse Atmospheres 

When II << 1, IIu << 1, and II g M << 1 the  exact values of g, w, and M a r e  

From them it i s  possible  t o  con- 
i n s i g n i f i c a n t ,  i n  accordance with the  similari ty hypotheses. Only four dimen- 
s ional  q u a n t i t i e s  remain: 

s t r u c t  a unique combination having t h e  dimensions of temperature (which w i l l  be 
t h e  e f f e c t i v e  equilibrium temperature, Te (see ( 4 . 3 . ) ,  ve loc i ty ,  ce (see ( 6 . 6 ) ) ,  

time, T 

q,  cp, r, and u. 

= r/ce, and energy. The last-named t'mension i s  of t he  form e 
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i n  which B i s  a c e r t a i n  numerical c o e f f i c i e n t ,  and f a c t o r  2r has been introduced 
f o r  t h e  sake of abbreviating c e r t a i n  subsequent formulas. 

60- 90 1 1,2-:5*b- 
l,4-1,7; 7.5 ab 

Venus 
Earth 

Mars 

Even i f  w e  were not familiar with formula (5.12), we would be forced t o  
conclude t h a t  it is t h e  t o t a l  k i n e t i c  energy of c i r c u l a t i o n ,  
i n t e rna l  energy of t h e  atmosphere is proportional t o  t h e  mass o f  t h e  la t ter .  
However, t h e  dec i s ive  aspect i s  fouzd t o  be comparison with observations and 
numerical experiments. 

s i n c e  t h e  t o t a l  

mental values f o r  E a r t h ,  and 
t o  a lesser extent  f o r  Mars. 
Calculations f o r  t h e  two models 
of t h e  atmosphere of Mars 
with d i f f e r e n t  masses even 
confirms t h e  v i r t u a l  independence 

Only Venus s a t i s f i e s  t h e  condition of smallness f o r  a l l  three cr i ter ia ,  
but it may be assumed t h a t ,  even when nu - 1, t h a t  is ,  f o r  Earth and Mars, 
formula (8.1) w i l l  not be too f a r  from r e a l i t y .  In Table 4 t h e  observed o r  
calculated values f o r  E are presented f o r  Venus, Earth, and two models of 
Mars with two values of pressure a t  t h e  su r face ,  ps = 5 and 7 . 5 ~ m b ~ ( s e e  t h e  

references i n  Section l ) ,  and t h e o r e t i c a l  values of E/B based on (8.1) fo r  
various planets .  
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from t h e  mass of t h e  atmosphere. 
The agreement f o r  Venus i s  not Commas ind ica t e  decimal points .  

and t h e  experimental r e s u l t s  d i f f e r  only by a f a c t o r  o f  3 on t h e  bas i s  o f  t h e  
veloci ty .  A d e t a i l e d  discussion of a l l  t h e  p l ane t s  w i l l  be given i n  Chapter 3, 
along with a spec ia l  explanatiori of t h e  reasons f o r  t h e  g r e a t e r  d i f f e rences  f o r  
Mars (see Section 13) and Venus (see Section 14).  

as good, although t h e  t h e o r e t i c a l  

With (4.3),  ( 6 . 6 ) ,  ana (6.9), taken i n t o  account formula (8.1) may be 
wr i t t en  as 

t h a t  i s ,  t he  t o t a l  k i n e t i c  energy of t h e  atmospheric motions i s  equal,  correct  
within un i ty ,  t o  t h e  t o t a l  i n t e n s i t y  of s o l a r  r ad ia t ion  supplied t o  t h e  
atmospher? of t h e  planet multiplied by r e l axa t ion  time -re. 

Comparison of (5.12) with (8.1) y i e lds  

I f  t h e  mass of t h e  atmosphere i s  known, it is possible  t o  determine t h e  mean 
ve loc i ty  of atmospheric motions 
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(8 . -+j  

from which it follows t h a t  s i m i l a r i t y  c r i t e r i o n  ll 

number, within a f a c t o r  of t h e  order of uni ty .  
Section 10, it i s  t r u e  t h a t  t h i s  i n t e r p r e t a t i o n  i s  v a l i d  only fo r  small values 

equals t h e  square o f  t h e  Mach M 
As w i l l  be demonstrated i n  

*u 

Yet another useful  consequence of formula (8.1) is t h e  indeGsndence of t h e  
mean k i n e t i c  energy of t h e  u n i t  volume, o r ,  what amount4 t J  t h e  sane th ing ,  t h e  
mean w j  nd pressure 1 /2pU2,  from t h e  atmospheric pressure.  

The r e s u l t s  obtained with t h e  a i d  of considerations of s i m i l a r i t y  and 
dimensionality are r e s t r i c t e d  by formula (8.1) and i t s  d i r e c t  consequences. 
courses may be followed i n  order  t o  determine t h e  other  c h a r a c t e r i s t i c s  o f  c i r -  
cu l a t ion .  In t h e  case of small values nu, when t h e  inf luence o f  t h e  Cor io l i s  

force i s  s l i g h t ,  transfer of heat from more g rea t ly  heated t o  cooler a r eas  i s  
effected by d i r e c t  atmospheric motions. 
equation i n  t h e  form of (5.10) is va l id ;  i f  U i s  known, it i s  possible  t o  f ind  
from it t h e  typical temperature d i f f e rence  6T, as well as d i s s i p a t i o n  r a t e  E ,  

t h e  e f f i c i ency  r a t i o  of t h e  atmosphere q, and then t h e  c h a r a c t e r i s t i c  c i r c u l a -  

- I 3 7  
Two 

Then t h e  approximate heat t r a n s f e r  

t i o n  l i f e t i m e  

(8.5) 
which proves t o  equal r / 2 U .  
t o  t h e  t y p i c a l  c i r c u l a t i o n  space s c a l e  divided by t h e  mean ve loc i ty .  
such as t h i s  i s  c h a r a c t e r i s t i c  of large-scale turbulent  mixing. 

The c i r c u l a t i o n  l i f e t i m e  is  found t o  be comparable 
A s i t u a t i o n  

The other  course l i e s  i n  postulat ing t h e  c i r c u l a t i o n  l i f e t i m e  i n  t h e  form 
of t h e  equation P r  

C u = ~ ~ '  

(8 6 )  
i n  which parameter $ may be termed t h e  degree of organization o r  degree of 
ordering of the f lux4 .  When 8 1, something which, as we have j u s t  seen, occurs 

4The physical import of degree of ordering B may be c l a r i f i e d  by t h e  following 
consideration. 
vented from being converted i n t o  k i n e t i c  energy, t h e  a t t enua t ion  of t h e  k i n e t i c  
energy of c i r c u l a t i o n  per u n i t  mass may be described by the  equation dU2/2dt = 
= -E. Dissipation rate E has the  dimension of t h e  cube of v e l o c i t y  divided by 
t h e  length scale. i s  2 coe f f i c i en t  making t o t a l  1 1 
allowance f o r  whatever ve loc i ty  (and length) s ca l e s  determine d i s s i p a t i o n .  The 
so lu t ion  of equation dU2/dt = -2U3/Blr  with t h e  i i i i t ia l  condition U = Uo a t  

I f  t h e  heat f luxes a r e  excluded, t h e  p o t e n t i a l  energy is pre- 

Let E = U 3 / B  r i n  which f3 

t = 0 is of t he  form 1 / U  - l / U o  = t/Blr. 
n times equals t = B l r / U o ( m ) ,  t h a t  i s ,  E = 2B1(&- 1).  

the  value of B,  t h e  slower a r e  t h e  v e l o c i t i e s  a t  which d i s s i p a t i o n  occurs ,  
t h a t  i s ,  t h e  more g r e a t l y  ordered does t h e  large-scale  f lux  become. 

Hence t h e  er-rgy a t t enua t ion  time by 
-- 

Hence t h e  l a rge r  n 
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when flu << 1, large-scale  mixing of t h e  turbulent  type occurs,  and a t  l a r g e  

values flu t he  f l u x  acquires an organized s t r u c t u r e  and may reach high v e l o c i t i e s .  

This d e f i n i t i o n  of -ru may a l s o  be adopted a t  a r b i t r a r y  values fl it being w ’  
found t h a t  8 is  an e s s e n t i a l  function of nu. 
(5.8) a t  a r b i t r a r y  values JI becomes ine f fec t ive ,  since i n  geostrophic motions 

t h e  temperature gradient is f o r  t h e  most p a r t  perpendicular t o  t h e  v e l o c i t y  
vector.  
I f  t h e  ve loc i ty  and the  d i s s i p a t i o n  are known, 6 may be found from t h e  formula 

Use of energy t r a n s f e r  equation 

0 

The introduct ion o f  B makes it possible  t o  dispense with t h i s  equation. 

which follows from (8.5) and ( 8 . 6 ) .  Effec t ive  determination of t h e  value of - 
B f o r  a number of general  c i r c u l a t i o n  models w i l l  5e made i n  Section 11 ( a l s o  
see Golitsyn, Z i l i t i nkev ich ,  1972). 

With T known, we f u r t h e r  determine E and E,  and then rl and 6T, i n  accord- U 
ance with-(8.5) .  The s t r u c t u r e  of t h e  formulas i s  t h e  same f o r  a l l  t h e  

The reader  can r e a d i l y  de r ive  f o r  himself p rec i se  expressions f o r  these 
q u a n t i t i e s  by means of t h e  external  paramete- 
t h a t  he w i l l  be pleased with t h e  excel lent  exponents i n  which t h e  parameters 
i n  question w i l l  f i gu re ,  e spec ia l ly  energy f l u x  q. 

and constant B. I t  i s  believed 

If t h e  r e s t r i c t i o n  of (5.5) k << 1, i s  remembered, it follows from formulas 
(8.4) and (8.8) t h a t  a t  t h e  assigned external  parameter value f o r  t h e  p l ane t ,  
t h e r e  a r e  t h e o r e t i c a l  t o p  limits f o r  mean v e l o c i t y  U, e f f i c i ency  r a t i o  11, 
d i s s i p a t i o n  r a t e  E, or  E ,  and bottom value f o r  c i r c u l a t i o n  l i f e t i m e  T~ and 

c h a r a c t e r i s t i c  temperature d i f f e rence  6T. 

There i s  yet  another obvious inequa l i ty  f o r  temperature d i f f e rence  6T, 
t h i s  time a maximum one: 

(8  9) hT YT,T,. 

i n  which y = 1 - Tc/T,, and T i s  t h e  condensation t.emperature of t h e  gas i C 
s a t u r a t i n g  t h e  atmosphere. 
fu r the r  drop i n  temperature. 
Mars. For t h e  la t ter  Tc 150 K ,  and Te 220 K; hence yi * 1/3. For Earth 

Te = 90 K ,  t h e  condensation temperature of oxygen; hence y zs 2,’3. 

usefui t o  keep t h i s  inequal i ty  i n  mind at values TIM which a r e  not t oo  small, 

when use of t h e  corresponding expression f o r  6T may v i o l a t e  i nequa l i ty  (8.9). 

The l a t e n t  heat re leased on condensation prevents 
This i nequa l i ty  is of i n t e r e s t  pr imari ly  f o r  

I t  is i 
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9. Slowly Rotating Planets  with Rarefied Atmospheres 

For f i n i t e  values of c r i t e r i o n  ll fact.or B i n  formula (8.1) ceases t o  be M 
constant and must be regarded as a function of IIM, t h a t  is, 

(9.1) B = B b m U )  f ( o )  = 1. 
Function f (nM) should be a decreasing function of nM, s ince  otherwise 

k112 f o r  quan t i ty  B as well. 

statement o€ i nequa l i ty  (8.9) would be va l id .  

Bearing i n  mind t h a t  6T * B312(kB) -' llM 'I2 Te, from (8.9) we then obtain 

We s h a l l  r e t a i n  approximate equation B 0 

f (nM) < ( 7 , e ) w n i ~ .  (9.2) 
As a matter of f a c t ,  f(ll,) should begin t o  decrease f a i r l y  r ap id ly  even a t  - / 39 

small values llM. 

f e a t u r e  of t he  formulas we have derived. According t c i  (8.8) 6T 

Te q'14. 

This can be demonstrated by c a l l i n g  a t t e n t i o n  t o  a c e r t a i n  

q9/16, while 

The c h a r a c t e r i s t i c  temperature of t h e  cold pa r t  of t h e  atmusphere, 

T, s r,-;Tz T(l 7-e --) i . 7  -.: -tC(1 _ _  I.I%l I I f i - )  
T,  k i  9 

increases  with increase i n  T only up t o  d e f i ? i i t e  values e M 
is not taken i n t o  account. Since TI:'* - q5'I6 c1 T i / 4 ,  taking (3.3) i n t o  

if f w c t i o n  f(nM) 

- 
account, we obtain from the  condition dTZ/dTe > 0 

(9.3) 

I f  k 0.1, B = 1, then FM < 0.06; i f  k 
later see  t o  be c h a r a c t e r i s t i c  of Mars, then nM < 0.02. 

a circumstance we sha l l  

Thus i f  no allowance i s  made f o r  flunction f ( n  ), an unnatural  p i c t u r e  may M 
he obtained even a t  smaI.l values ItM: 

,tmosphere inay lead t o  drop i n  t e q , e r a t u r e ,  say a t  t h e  poles ,  and vice vcrsa.  
In order  f o r  t h i s  not t o  take place,  function f(%) must begin t o  decrease 

f a i r l y  r ap id ly  with increase i n  JIM, a t  m y  r a t e  e a r l i e r  tha,i ll 
hundreds. 

flow c; f  heat toward t h e  planetary 

reaches several  M 

Mercury may prove t o  be a p l m e t  f o r  t h e  atmosphere of which $ >> 1. 
values It correspond t o  low atmcspheric densi ty;  hence it i s  necessary t o  make 

c e r t a i n  t h e t  t h e  Reynolds number remains f a i r l y  l a rge  and does r,ot thsreby 
v i o l a t e  t h e  s i m i l a r i t y  r e l a t i v e  t o  kinematic v i s c o s i t y  v .  I f  Re = cr/o is  
se l ec t ed ,  t he  condition Re >> 1 w i l l  be equivalent t o  t h e  requirement of 
a short  mean f r e e  path 1 i n  comparison t o  the  radius  of t h e  p l ane t ,  inasmuch as 
v * c l .  

Large 

M 

34 



In the  work of Gierasch, Goody aad Stone (1970) r e f e r r e d  t o  ear l ier ,  i t  was 
demonstrated t h a t  t h e  case Il 
equilibrium i n  t h e  atmosphere determining t h e  horizontal  temperature d i s t r i b u t i o n ,  
t o  which the  atmospheric dynamics i s  adjusted.  
atmosphere t r a n s f e r s  too l i t t l e  hea t  t o  play a s u b s t a n t i a l  r o l e  i n  establishment 
of temperature d i s t r i b u t i o n .  

>> 1 corresponds t o  t h e  presence of local  r a d i a t i o n  M 

In addi t ion,  a r a r e f i e d  

On t h e  basis  of general considerations regarding t h e  p o s s i b i l i t y  of 
exis tence oi c i r c u l a t i o n  s i m i l a r i t y  conditions at IIM >> 1 and t h e  requirement 

of f a i r l y  rapid decrease i n  function f(IIM) with increasz i n  IIM, t h e  author 

(see Golitcyn, 1970b) proposed t h e  asympt.,tic function f(Il ) .y 

Il >> 1. This function i s  obtained on t h e  assumption of similari ty of t h e  

general formula f o r  k i n e t i c  energy, (8.1),  t o  t h e  value of B i n  accordance with 
(9.1), r e l a t i v e  t o  energy f lux  q ,  q being assumed t o  be f a i r l y  large, so t h a t  

t h e  value of llM 

t h e  physical standpoint it remains possible  f o r  t h e  time being. 
be obtained only by numerical simulation of c i r c u l a t i o n  on a hypothetical  
planet with lIM >> 1, but IIM i.: 1. 

10. S imi l a r i t y  of C i r c u l a t i w  with Rotation Taken i n t o  Account 

when M 

M 

q5l8 is l a rge  i n  comparison t o  uni ty .  A t  t h e  present time 

the re  a r e  no da ta  whateva- arguing f o r  o r  against  t h i s  hypothesis,  but fyom 
Such d a t a  cocid 
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Let us consider planets  having a f i n i t e  r o t a t i o n a l  sj-miia. ; \ ;te:ion 
Il but a small energy c r i t e r i o n  Il We again use t h e  bas i c  formula f o r  t!-e 

t o t a l  k i n e t i c  Pnergy of c i r c u l a t i o n ,  (8 .1) ,  which does not depend on Il but 

now constant B w i l l  be assumed t o  be a function of Il t h a t  i s ,  

w M’ 
M ’  

w ’ 
R 2; ~ , , , f ,  ( I  I,, 1, j i  ( I  I , , , )  -= I f o r  I 1, .’’ 1 ,  R,l (10.1) 

I t  follows from the  general considerations regarding t h e  s t a b i l i z i n g  r o l e  
of r o t a t i o n  t h a t  function f (Il ) should inciease with increase i n  Il s ince  a t  
high speeds of r o t a t i o n  t h e  development of disturbances i n  t h e  flow is  retarded 
and the  sca l e s  of these disturbances a r e  reduced; a t  the assigned energy 
(and d i s s ipa t ion )  f lux  t h e  mean flow becomes more ordered and may reach high 
ve 1 oc it i es  . 

1 w  w’  

In t h e  case of a r b i t r a r y  values of Il t h e  form of fcmction f,(n ) cannot 

be deteimined, and e x p l i c i t  formulas are not obtained f o r  t h e  c h a r a c t e r i s t i c s  
of atmospheric c i r c u l a t i o n ,  as they were i n  Section 8,  but t h e  r e l a t i o n  U 21 T - I  ,. - E ’c II cI 6T M-1/2,  c 

w w 

U 
M3/2 is  retained here.  

W i t h  Ilw < 1 we s h a l l  confine ourselves t o  t h e  f i r s t  terms of development 

of function f l ( 3  ) i n t o  a T a y l m  s e r i e s :  
L‘) 
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The term colaarensurable with llw mst be small or a l toge the r  absent,  s ince  

change i n  t h e  s ign o f  w, t h a t  is, i n  t h e  d i r e c t i o n  of r o t a t i o n ,  should rot 
change t h e  c i r cu la t ion  c h a r a c t e r i s t i c s  (such terms may e x i s t  whenever t h e  
period of ro t a t ion  5s  not small in comparison to t h e  annual period or when 
large-scale asymmetric orography is present) .  
ana lys i s  of observational d a t a  f o r  Earth and r.umerica1 experiments f o r  Mars, 
function fl(nw) may i n  r e a l i t y  be f a i r l y  well approximated by r e l a t i o n  (10.2) 
with a * 1. - flu MY be s a t i s f i e d  a l s o  at l a rge r  values flu. 

As we s h a l l  see later, i n  

The sodel estimates o f  Section 11 demonstrate t h a t  function fl(nw) 
2 We may no te  t h a t  here  as well 

,3 

However, an unpleasant s i t u a t i o n  o f  a very special kind may be an t i c ipa t ed  
at  very small values of ll . 
s o l a r  days of great  length, and t h e  dark sics of t h e  planet  may cool off more 

-- than t he  poles during the long n igh t ,  and then the  c i r c u l a t i o n  p i c t u r e  
i s  altered: 
dark and not from t h e  equator toward t h e  poles. The scale of c i r c u l a t i o n  w i l l  
i n  t h i s  instance increase t o  ar; o the r  condi t ions being equal t h i s  should lead 
t o  increase i n  t h e  v e l o c i t i e s ,  o r  i n  our terms i n  function fl(nw). 
c r i t e r i o n  for  exis tence of a p a r t i c u l a r  set of c i r c u l a t i o n  condi t ions can be 
obtained by comparing 6T r e fe r r ed  t o  t h e  d i s t ance  between t h e  pole  and t h e  
equator (see t h e  last fornula of (8.8)),  with t h e  change i n  temperature during 
t h e  night  r e s u l t i n g  from cooling o f  t h e  atmosphere. 
f d  is much sho i t e r  than t h e  thermal r e l axa t ion  time of t h e  atmosphere, T (see 

The t roub le  i s  t h a t  small values ll correspond t o  w w 

c i r cu la t ion  w i l l  be d i r ec t ed  mostly from t h e  l i g h t  s i d e  t o  t h e  

The 
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If t h e  length of t h e  night  

0 
6.20)), then 

Comparing t h i s  estimate with 6T obtained from ( 8 . 8 ) ,  we ob ta in  

(10.3)  

(10.4) 
In G << 1 ,  a na jo r  r o l e  i n  c i r c u l a t i o n  is  played by t h e  c01.l poles ,  and 

i n  G >> 1, t h e  decis ive r o l e  i s  played by t h e  temperature d i f f e rence  between 
t h e  daytime and nighttime hemispheres. 

For very large values Il t h e  author (see Golitsyn, 1970b), on t h e  b a s i s  of 
w 

t he  p o s s i b i l i t y  of existence i n  t h i s  instance of s i m i l a r i t y  condi t ions and t h e  
requirement of afl/anu > 0, t h a t  i s ,  increase i n  c i r c u l a t i o n  energy with 

accelerat ion of ro t a t ion ,  proposed t h e  formula 

(10.3) 
f ,  (11,) - 11:- 
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but because of t h e  small amount of observational material ava i l ab le  it is f o r  
t h e  time being not possible  t o  confirm (or  r e j e c t )  t h i s  formula, and with t h i s  

- we s h a l l  conclude our discussion .of r o t a t i n g  planets .  

11. Other Estimates of Global Circulat ion Charac t e r i s t i c s  Based on Various 
Hypotheses Regarding t h e  Nature of Dissipat ion 

On t h e  bas i s  of s i m i l a r i t y  hypotheses formula (8.1) was establ ished i n  
Section 8 f o r  t h e  t o t a l  k i n e t i c  energy of c i r cu la t ion .  
dynamic expression for t h e  mean s p e c i f i c  rate o f  d i s s i p a t i o n  of k i n e t i c  energy, 
E - formula (5.4) together  with t h e  hypothesis regarding t h e  nature  of mixing 
expressed by formula (8.6) - permits estimation of E and typical temperature 
difference 6T i n  accordance with (8.5). These considerat ions,  supplemented by 
s implif ied heat transfer equation (5.8) or ( 6 . 2 2 ) ,  make it possible  t o  obtain 
a l l  t h e  r e s u l t s  even without use of s i m i l a r i t y  hypotheses as was done i n  
Section 5. 

Employment of t h e  thermo- 

In Section 5 and subsequently it was assumed t h a t  t h e  bas i c  d i s s i p a t i o n  
of k i n e t i c  energy takes place i n  t h e  f r e e  atmosphere, and t h a t  large-scale  
mixing obeys t h e  Richardson-Obukhov law. 
these  assumptions t o  be everywhere va l id :  f o r  t h e  Earth 's  atmosphere, f o r  
example, they may be regarded only as an approximation. 
Earth 's  atmosphere around 1/2 o r  more o f  t h e  t o t a l  d i s s i 2 a t i o n  is accounted 
f o r  by t h e  boundary layer  of t h e  atmosphere (Z i l i t i nkev ich ,  1970). 
turbulence of t h e  l a rges t  scale obeys t h e  11k-3 law" (see Section 2) ,  and 
although t h i s  does not contradict  t h e  statement t h a t  large-scale  r e l a t i v e  
d i f fus ion  obeys t h e  Richardson law, t h e  s i t u a t i o n  nevertheless  still remains vague 
and completely universal  a p p l i c a b i l i t y  of formulas l i k e  (5.6) doubtful.  

There are no grounds f o r  considering 

We know t h a t  i n  t h e  
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Thus it i s  of i n t e r e s t  t o  consider a case i n  which t h e  bulk of d i s s i p a t i o n  
is  accounted f o r  by t h e  boundary layer of t h e  planetary atmosphere. 
instance t h e  laws governing r e s i s t a n c e  for  a bomdary layer  are replaced by 
hypotheses regarding t h e  nature  of mixing, and employment of t h e  thermodynamic 
expression for E. and t h e  s implif ied heat t r a n s f e r  equation obtained under very 
general conditions makes it possible  t o  complete t h e  problem. 
t h e  boundary later depends on t h e  speed of r o t a t i o n  of t h e  p l ane t ,  and so here 
as well we s h a l l  c l a s s i f y  these  l aye r s  as a function of t h e  value of t h e  
r o t a t i o n a l  Mach number, ll . In r e s t r i c t i n g  ourselves t o  allowance f o r  

d i s s i p a t i o n  i n  t h e  boundary layer  alone, we o f  course w i l l  be deal ing with 
r a the r  ideal ized models, but a formulation of t h e  problem such as t h i s  i n t r o -  
duces a c e r t a i n  amount of c l a r i t y  i n t o  understanding of t h e  basic  mechanisms and 
t h e  nature  of t h e  q u a n t i t a t i v e  r e l a t ionsh ips  of t h e  general  c i r c u l a t i o n  of 
planetary atmospheres. 

In t h i s  

The na tu re  of 

w 

In t h e  second pa r t  of t h e  s ec t ion  consideration is a l s o  given t o  various 
hypotheses, again d i f f e r e n t i a t e d  as a function of t h e  value of ll , regarding 
t h e  nature  of mixing and heat t r a n s f e r ,  when t h e  bulk of d i s s i p a t i o n  t akes  place 
i n  a free atmosphere, t h a t  is, a f a i r ly  deep one such as t h e  atmospheres of 
t h e  l a rge  planets .  
Z i l i t i nkev ich  (1972) i n  content.  

w 

This sec t ion  follows the  a r t i c l e  by Golitsyn and 
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A. Dissipation i n  the  Boundary Layer 

A.1. Slow Rotation 

When Il 1 t h e  ro ta t ion  i s  ins igni f icant  and c i rcu la t ion  of  t h e  Hadleyan w 
type i s  t o  be ant ic ipated,  when heat advection takes place a t  t h e  ve loc i ty  of 
t h e  basic  flow U in t he  d i rec t ion  opposite temperature gradient 6T/r.  
place of ( 5 . 8 )  w e  may use simplified equation (5.10) 

Then i n  

cPMUGT 2. qr. (11.1) 

The mean r a t e  of d iss ipa t ion  of k ine t ic  energy i n  the  atmosphere per  un i t  
of mass of the  atmosphere equals, i n  accordance with (5.4), 

ST q 
$ - & - -  T, M '  (11.2) 

The local  rate of  d i ss ipa t ion  of  t he  energy of mean motion due t o  f r i c t i o n  
i n  the  boundary layer is expressed by the  formula (see Zi l i t inkevich,  1970) 

(11.3) 
-k 

i n  which u and T are the  horizontal  wind speed vector and t h e  ve r t i ca l  momentum /43 
flow, p is t h e  atmospheric density,  and z is  the  ve r t i ca l  coordinate. I f  t he  
bulk of d i ss ipa t ion  does i n  fact take place i n  t h e  boundary layer ,  t h e  d i s s i -  
pation value which i s  the  mean f o r  t he  e n t i r e  depth of t he  atmosphere i s  ex- 
pressed i n  t h e  form 

(11.4) 

Integration has been Sarr ied out here by par t s ,  with allowance made for 
t h e  boundary conditions: 
contribution t o  t h e  righthand member of (11.4) i s  made by the  surface boundary 
layer in tegra l  0 < z < h,  within the limits of which momentum flaw 
T is approximately constant i n  a l t i t u d e  (akove t h i s  layer  changes i n  speed 
with a i t i t u d e  are not as s igni f icant ,  and T decreases sharply).  
modulus of veloci ty  a t  a l t i t u d e  h by U, and the  gas densi ty  and momentum flow 
modulus at  t he  surface of t he  planet respect ively by po and io, and u t i l i z i n g  
the  coeff ic ient  of res i s tance  

u = 0 when t = 0 and T -+ 0 when z * -. The basic  

Designating t h e  

w e  f ind 
(11.5) 

(11.6) 
Now se t t i ng  the  wind speed a t  a l t i t u d e  h t o  be ident ica l ly  equal t o  the  

typ ica l  speed value i 2  the  atmosphere, from ( l l . l ) ,  (11 .2) ,  and (11.6), taking 
in to  account t h e  formula p 

temperature of t h e  planet and R '  = R/p the  spec i f ic  gas constant) and c / R t  = 

= K / K  - l ) ,  we obtain 

= gM/RtTS (T 0 S 
being the cha rac t e r i s t i c  surface 

P 
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(11.7) 

To be more precise ,  t h e  righthand member should also include t h e  f a c t o r  

Parameter a has already been considered i n  Section S.8. For atmospheres 
which are not very dense t h i s  f a c t o r  i s  only s l i g h t l y  smaller than un i ty  and 
it need not be wr i t t en  out.  

In accordance with (11.7) we have t h e  following expression for t h e  t o t a l  
k i n e t i c  energy of c i r c u l a t i o n  

(11.8) 

A s  was t h e  cac. . - r l i e r ,  t h e  expression he re  for energy again does not 
include t h e  mass of :i : atmosphere, but unl ike (5.12) or (8.1) expression (11.8) 
now depends on g and does not depend on t h e  heat capaci ty  of t h e  gas. 
designate  by E 

We - I44 
t h e  energy defined by (8.1). 

0 

Comparing (11.8) and (8.1), (8.2) and (6.14) being taken i n t o  account, 
I , . n'+ we f ind  

-~ E - ILL-) 4. 
Y 

1: (11.9) I' - 
Coeff ic ient  o f  r e s i s t a n c e  c depends on t h e  v e r t i c a l  s t r a t i f i c a t i o n  of t h e  

atmosphere, but not too heavi ly ,  varying by no more than one-half order  of 
magnitude even i n  t h e  case of extreme departures  of t h e  s t r a t i f i c a t i o n  from t h e  
neu t r a l  (Zi l i t inkevich,  1970). 

(h/zo), i n  which K a 0.4 

a l t i t u d e .  

Table 3, f o r  a l l  p l ane t s  n 
(8.1) and (11.8) w i l l  y iyld v i r t u a l l y  i d e n t i c a l  values of t h e  t o t a l  k i n e t i c  
energy of c i r c u l a t i o n .  

0 

In t h e  case o f  neu t r a l  s t r a t i f i c a t i o n  c = lt2/ln2 0 

According t o  
is t h e  Karman constant  and zo t h e  roughness 

For rough estimates it may be assumed t h a t  co e 
hence E/EO 1, t h a t  is, t h e  two formulas 

g 

The approach presented makes it possible  t o  f ind paraineter 8, t he  degree 
of ordering of large-scale  motions defined by formula (8.7). 
equal 

I t  is found t o  
.. 

(11.10) 

-1 If  it i s  considered t h a t  n co, B a , t h a t  is ,  13 may be o f  t h e  order  
g 

of un i ty  o r  s l i g h t l y  l a rge r .  
regarding t h e  nature of mixing and from t h e  heat t r a n s f e r  equation. 

In Section 8 t h i s  followed from t h e  hypotheses 

Typical temperature d i f f e rence  6T can be determined without d i f f i c u l t y  
by means of equations (11.1) and (11.7). When we compare t h i s  difference with 
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the corresponding expression derived from formula (8.8), which we designate 
as 6T0, we find that 

(11.11) 

a value also near unity being obtained. 

Thus both approaches yield virtually the same results when II In 
g 

order to clarify the range of applicability of each of them it would be of 
interest to simulate circulation on hypothetical planets with values of II 

8 
differing greatly from 
simple calculations (see Golitsyn, Zilitenkevich, 1972), that when II << lom3 
the relative role played by the boundary layer decreases, and then formula (8.1) 
is valid, while the opposite situation prevails when Ii 
(11.8) is fomd to correspond more closely with the actual conditions. 

It is natural to assume, and this is confirmed by 

g 

>> and formula 
g 

A. 2. Rapid Rotat ion 

If the value of II is not small, the term including the Coriolis accelera- 
w 

tion becomes essential in the motion equations. 
atmosphere will be near the geostrophic ones, and the planetary boundary layer 
will be of $he Ekman type. Systematic motions in the atmosphere acquire a 
near nature zonal. In such zonal flow the meridional flows may arise as 
a result of turning of the wind with altitude in the Ekman boundary layer. 
the following estimates of a particular point we will assume that it is precisely 
this velocity component that effects the basic heat transfer along the meridian, 
and will discuss the consequences of such an assumption. 

The motions in the free 

- 145 

In 

We will make use of the Ekman equations (see Zilitenkevich, 1970): 

0, (11.2) 

in which u and v are the latitudinal and meridional velocity components, U is 
the geostrophic speed or typical speed of the wind in the free atmosphere, 
motion in which is assumed to be purely zonal, T and T are the latitudinal 
and meridional components cf the momentum flow, and w z  = w sin0 is the projection 
of the vector of angular rotational velocity of the planet in the vertical 
direction. The first of equations (11.2) yields the following estimate of 
the mean meridional speed for the atmosphere: 

X Y 

(11.13) 

The component of frictional stress at the surface, T figuring in this 
XO’  

equation may be estimated with the formula 
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5 H  = C&U'. (11.14) 

cosy, 2 i s  a coe f f i c i en t  of r e s i s t a n c e  of  t h e  form cx = c 
X g 

In t h i s  formula c 

i n  which c 

angle i n  t h e  boundary layer .  
t ion i n  t h e  boundary layer  i s  near t h e  neu t r a l .  

t h e  value of  t h e  Rosshy number, Ro = U / w t O .  

law f o r  an Ekman boundary l aye r  (Zi l i tenkevich,  1970), t h i s  dependence is found 
t o  be r a t h e r  s l i g h t ,  s ince  on change i n  Ro c 2  and cos y are opposi te  i n  

behavior. 

approximately equal t o  
(11.13), and (11.14), w e  ob ta in  

i s  t h e  geostrophic coe f f i c i en t  of  f r i c t i o n  and y t h e  wind s h i f t  
B 

Let us assume t h a t  on t h e  average t h e  s t r a t i f i c a -  
Then c w i l l  depend only on 

X 
In accordance with t h e  r e s i s t a n c e  

I3 
For rough est imates  c may be assumed t o  be constant  and t o  be 

X 
Using t h e  equation of state and f o , w l a s  (6.14), 

(11.15) 

Heat t r a n s f e r  equation (6.22) o r  (5.8) may i n  t h e  case  under considerat ion 
be wr i t t en  i n  t h e  form 

(11.16) 
L 

Expression of d i s s i p a t i o n  by means of  the wind speed remains t o  be done 

After simple conversions we 
i n  order  t o  complete t h e  system. 
a T  /az and a.r / a t  from Ekman equations (11.12). 

obtain t h e  p rec i se  formula 

For t h i s  purpose we s u b s t i t u t e  i n  (11.3) 
/46 - X Y 

/k , 
0.7 ' !#E,, i: - 

from which it f u r t h e r  follows t h a t  

(11.17) 

Formulas (11.2) and (11.15)-(11.17) now make it poss ib le  t o  obta in  a l l  t h e  
est imates  des i red .  In p a r t i c u l a r ,  

(11.18) 

(11.19) 

(11.20) 

The bas ic  cont r ibu t ion  t o  t h e  t o t a l  k i n e t i c  energy of c i r c u l a t i o n  w i l l  be 

yielded by formula (5 .12)  w i l l  be 
made by t h e  zonal component. 
t h e  value of E 

Hence E RS 2nr2MU2. The r a t i o  of t h e  energy t o  

0 
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(11.21) 

The degree of ordering, B ,  is found t o  equal B ll /c a ,  t h a t  is, again 
g x  . 

proves t o  be of t h e  order  of uni ty .  

I f  t h e  values o f  t h e  parameters corresponding t o  Earth are inse r t ed  i n t o  
(11.21), we obtain E/EO 

t h e  h a s i s  of (10.2j with a k 1 y ie lds  E / E O e  3 f o r  E a r t h .  

same way formula (11.20) over s t a t e s  t h e  ac tua l  temperature d i f f e rence ,  6T, by a 
factor of approximately 2. The cause of t hese  discrepancies is clear: we have 
f a i l e d  t o  allow here f o r  t h e  meridional heat t r a n s f e r  i n  t h e  atmosphere due t o  
large-scale  eddies,  and as a r e s u l t  t h e  values of U and bT, which are r e l a t e d  
t o  each o the r  exclusively by means o f  t h e  Ekman wind s h i f t  i n  t h e  boundary 
layer ,  is inevi tably overstated i n  comparison t o  t h e  case i n  which t h e  mechanism 
of t r a n s f e r  i n  t h e  free atmosphere i s  a l s o  included. However, formulas (11.18)- 
- ( l l . Z O )  may be of i n t e r e s t  as extreme estimates. 

4 .  A t  t h e  same time, function f (TI ) estimated on 1 w  
In p rec i se ly  t h e  

A. 3. Boundary RaDid Rotation Conditions 

As t h e  speed of r o t a t i o n  of a planet increases ,  according t o  (11.18)-(11.20) 
U and 6T w i l l  increase and V w i l l  decrease: 

u k d ' z ,  v - " - 9 5  2T - &s. 
A t  t h e  same time, fo r  6T t h e r e  i s  t h e  obvious r e s t r i c t i o n  of (8.91, which - /47 

i nd ica t e s  t h a t  t h e  atmospheric temperature i n  t h e  co ldes t  p a r t s  of t h e  
atmosphere cannot drop below the  condensation temperature o f  t h e  gases s a t u r a t i n g  
t h e  atmosphere, owing t o  t h e  r e l e a s e  of l a t e n t  heat of condensation. For t h i s  
reason t h e  formulas i n  question cease t o  be accurate  a t  large values w .  With 
increase i n  w t h e  meridional exchange is increasingly impeded, and t h i s  should 
lead t o  decrease i n  t h e  temperature d i f f e rence  between t h e  equator and t h e  poles  
6T, but then t h e  ac tua l  temperature d i s s i p a t i o n  w i l l  be nearer  t h a t  determined 
by r ad ia t ion  alone, t h a t  is ,  equation (5.8) ceases t c i  be va l id .  However, a 
maximum estimate of t h e  mean speeds may be obtained even without t h i s  equation. 

Since i n  t h e  case of very rapid r o t a t i o n  it is  t o  be expected t h a t  6T/Te 

1 (see t h e  end o f  Section 8) ,  we write formula (11.2)  i n  t h e  form 

i n  which n = k6Tmax /T e . From (11.22) and (11.17) we immediately find P 

from which, s ince  r-l < 1, we obtain 
P 

(11 3 22)  

(11.23) 
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For Earth,  i f  it were t o  r o t a t e  much more ra i d l y  with t h e  values of t h e  
o the r  parameters constant,  t h a t  is, II cx lo-!, IIM and c = 300 m/sec, 
i n  accordance with (11.24), U < 40 m/sec. 

g 

By means of (11.15) it is a l s o  poss ib l e  t o  estimate t h e  mean meridional 
on t h e  increase i n  t h e  speed of r o t a t i o n  it w i l l  decrease ve loc i ty  component V: 

as w . 
c h a r a c t e r i s t i c  temperature d i f f e rence  6T. 
accelerated r o t a t i o n  t h e  poles w i l l  be colder  and t h e  temperature at  them w i l l  
approach a value determined by t h e  loca l  r ad ia t ion  equilibrium conditions.  

-1 No q u a n t i t a t i v e  conclusions may be drawn regarding t h e  behavior of 
I t  may only be ant ic ipatpd,rhat  with 

B. Diss ipat ion i n  t h e  Free Atmosphere 

B . l .  

In keeping with Kolmogorov's idea (1942), t h e  s p e c i f i c  d i s s i p a t i o n  of 

Slow Rotation (nu << 1) 

k i n e t i c  energy may be estimated by means of t h e  formula 

(11.25) 1;' 
I. ' 

E=- 

i n  which U v  is  t h e  c h a r a c t e r i s t i c  speed i n  large-scale  disturbances of extent  
L. 
U, and L with t h e  radius  of t h e  planet  r. 
(11.25), we obtain formula (5.12): 

In t h e  case of slow r o t a t i o n  U t  w i l l  be commensurable with mean wind speed 
Then by means of ( l l . l ) ,  (11.2), and 

f: 2r&' j'.l-{, q'cr'!. 

The de r iva t ion  of t h i s  expression f o r  t h e  t o t a l  k i n e t i c  energy is  e n t i r e l y  - /48 
equivalent t o  t h a t  used i n  Section 5. In t h i s  case, i n  accordance with (8.71, 
8 = 1. 

B.2. Rapid Rotation (ll > 1) 
w 

In t h i s  instance t h e  
estimated (obviously as  a 
t o  apply here as 

The,typical speed i n  
mixing' path theory: 

s p a t i a l  dinensions of t h e  bas i c  dis turbances are 
maximum) by t h e  Obukhov scale, which it is  convenient 

1. - . 
C - 
Ltl ( 11 .26) 

such disturbances may be estimated on t h e  b a s i s  of t h e  

(11.27) 

i n  which y i s  the  coordinate i n  t h e  meridional d i r e c t i o n .  
and (11.27) i n  (11.25), we obtain 

Inse r t ing  (11.26) 

(11.28) 

The regular  meridional component of speed should be very small i n  t h e  case 
of rapid r o t a t i o n ,  s ince,  i f  t h e  wind s h i f t  i n  t h e  Ekman boundary layer  i s  
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disregarded, the basic heat transfer will be accomplished by large-scale eddies. 
This process m3y be described in simplified fashion by means of modified 
equation (5.8): 

(11.29) 
(TI is the temperature disturbance, the bar over it denoting averaging), in 
which the large-scale eddy heat transfer on the average for the entire thickness 
of the atmosphere approximately equals the flux of escaping radiation. 

Estimating TI on the basis of the formula T' LGT/r, which is analogous 
to (11.27), and assuming that the correlation between U' and TI is sufficiently 
large5,we reduce equation (11.29) to the form 

(11.30) 
Formulas (11.2), (11.28)' and (11.30) form a closed system for determination 

of the characteristics sought. In particular, from the system we find: 

U= ( k a ) x f l A ~ t l , c ,  (11.31) 

(11.32) 
E =- 2 ~ r ~ M L P ~ Z x ( k a ) ~ o ~ c ; ~ . g ~ r ~ ~ ~ .  

Comparing the formula last given with (5.'2) or (8.1) and taking (8.3) into /49 - 
E 

account, we obtain 
,- E, rc, 11:. 

(11.33) 

shows that the latter may be valid both when IIo << 1 and over a certain range of 
values flu > 1. 

This formula provides additional justification for relation (10.2) and 

For 6T and E we obtain the expressions 

according to which both values increase with increase 
question may not be accurate at very large values fl 

w'  

(11.34) 

(11.35) 

in fl . The formulas in 
since otherwisz statement 

w 

of inequality (8.9) would be violated (the situation is the sPme as in Section 
A.3). 

From ( 8 . 7 ) '  (11.31)' (11.32), and (11.35)' we obtain the expression 

(11.36) 
/3 .r I I:,, 

5A discussion of the role of correlation coefficient kUIT, is given by Golitsyn 
and Zilitenkevich (1972). 
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t h a t  

acce 
not e 

is, B i n  t h i s  p a r t i c u l a r  model depends only on TI and increases with 
w 

e r a t i o n  of r o t a t i o n ,  as was predicted q u a l i t a t i v e l y  i n  Section 8 (see t h e  
on page 37). 

B.3. Limiting Rapid Rotation Conditions 

By means of formulas (11.22), (11.25)-(11.27) we f i n d  

from which we de r ive  

Comparing t h i s  equation with (5.12) we ob ta in  
(11.38) 

(11.39) 

Hence, i n  con t r a s t  with t h e  r e s u l t s  of t h e  theory of s i m i l a r i t y  and t h e  
preceding subparagraphs of p a r t  B of t h i s  s ec t ion ,  t h e  t o t a l  k i n e t i c  energy 
of t h e  atmosphere is again found t o  depend on t h e  mass of t h e  atmosphere under 
l i m i t i n g  conditions,  as was t h e  case i n  subparagraph 8.3. The same considera- 
t i o n s  advanced i n  subparagraph 8.3 may be advanced here f o r  t h e  values of 6T 
and E. 
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CHAPTER 3. APPLICATION OF THE Tl1EORY TO VARIOUS PLANETS OF THE 
SOLAR SYSTEM AND TO THE SOLAR ATM0SPHEF.E 

12. Earth 

The c i r c u l a t i o n  of t h e  atmosphere surrounding u s  is  t h e  only item about 
which we have q u a n t i t a t i v e  information obtained with any degree of accuracy 
from observations (see t h e  beginning of Section 3 ) .  However, as we s h a l l  see 
la ter ,  t h i s  accuracy leaves much t o  be desired.  

p r a t e s  function f (E ). The ava i l ab le  d a t a  permit estimation of Bo o r  k and 1 w  
fl(nU = 1.43), and a l s o  of B separately.  Consequently, although Earth i s  not 

t he  most s u i t a b l e  body f o r  estimation of t h e  constants  of t h e  theory,  we have 
nothing b e t t e r  t o  work with. 

For t h e  r ap id ly  r o t a t i n g  Earth 
= 1.43 according t o  Table 3. Hence i n  formula (8.1) c o e f f i c i e n t  B incor- 

*w 

The value of k may be found from expression (5.4): 

(12.1) 

Let u s  tu rn  first o f  a l l  t o  the  dis t r ibivt ion of temperature i n  t h e  
atmosphere of Earth. 
t h e  mean temperature p lo t t ed  by Palmen and Newton (1969) on t h e  bas i s  of a l a rge  
volume of experimental da t a .  From these  sec t ions  it i s  possible  t o  compile a 
t a b l e  of temperature values f o r  t h e  North Pole (NP), equator (E), and South 
Pole (SP) f o r  two i soba r i c  surfaces:  1,000 mb (surface of t h e  Earth) and 5,000 
nib (mean l eve l  of t h e  atmosphere) and two c h a r a c t e r i s t i c  months of t h e  year 
(Table 5) .  

The book by Lorenz (1367) presents  meridional s ec t ions  of 

I t  follows from t h i s  t a b l e  t h a t  T = 300 K ,  on t h e  average f o r  t h e  year 1 
Then nid = 45 K/300 K = 0.15. 6Ts = 45 K ,  bT = 35 K .  

would commit only a small e r r o r  i f  we were t o  assume t h a t  Q 6T/Te = 35 K/25 

K = 0.14. The value of rl may be assumed t o  be f a i r l y  d e f i n i t e ,  something 

which cannot be s a i d  of t h e  r a t e  of d i s s i p a t i o n  o r  gt.Leration of k i n e t i c  energy 
mass E .  

on the  average f o r  t h e  e n t i r e  atmosphere is  given by Lorenz (1967), where it 
i s  designated as D and is  given i n  w t / m 2 .  
value i s  approximately equal (only f o r  Earth,  where M * l o3  g/cm2) t o  the value 

of E: i n  cm /sec3, t h a t  is, the  d i s s ipa t ion  per  u n i t  mass. Determination of t h e  
t o t a l  mean value of D from t h e  empirical da t a  i s  3 d i f f i c u l t  task owing both t o  
t h e  incompleteness of t h e  d a t a  themselves and t o  the  absence of dg-ect methods 
of ca l cu la t ing  D .  Thus usua l ly  it i s  not D t h a t  i s  ca l cu la t ed ,  but r a t h e r  t he  
value of C ,  t h e  r a t e  of conversion of t o t a l  po ten t i a l  energy t o  k i n e t i c  energy, 
which equals D on t h e  average over a f a i r l y  lengthy period. 

We may note  t h a t  we 

id  

i d  

A summary of t h e  d i s s i p a t i o n  values i n  t h e  u n i t  atmosphere column and 

I t  may r e a d i l y  be seen t h a t  t h i s  

2 
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TABLE 5 .  CHARACTERISTIC TEMPERATURE 
( T A  KELVIN) OF THE EARTH'S ATMOSPHERE 

Isobaric  . 

January 

500 

The estimates of Brunt (1926), Oort (1964), and Kung (1966) a r e  noteworthy: 
E: equals r e spec t ive ly  5; 2.3; a:id 7 .1  cm2/sec3. 
was oi-tained exclusively on t h e  b a s i s  of d a t a  above North America. Wiin-Nielscn 
(1968) subsequently obtained t h e  value E = 6.4 cm2/sec3. We may f u r t h e r  mention 
(see Section 5 )  t h e  estimates of Palmen (1959), according t o  which t h e  mean r a t e  
o f  generation o f  k i n e t i c  energy of t h e  atmosph(sre ec; ,ais 4 cm2/sec3. 
t o  be d e f i n i t e  we w i l l  s e l e c t  p rec i se ly  t h i s  mean f!gure, but it must be 
remembered t h a t  t h e  e r r o r  may reach as much as  250%. 
t h a t  is, k = 0.12 zs 0.1. 

I t  is  t r u e  t h a t  t h e  !a;t value 

In order 

Then T-I = EM/q = 1 . 8 0 1 0 - ~ ,  

As has already been pointed o u t ,  t h e  value of t h e  t o t a l  k i n e t i c  energy 
of t h e  atmosphere apparently undergoes seasonal f l uc tua t ions .  
(1964) and s e t  E = 7.5-1027erg, and i n  doing so we according to Lorenz run 
t h e  r i s k  of committing an e r r o r  of about 20% o r  more. 
mean r a t e  over t h e  e n t i r e  atmosphere equals 17 m/sec. 
and t h e  value E/B  = 7 . 7 0 1 0 ~ ~  erg given i n  Table 4 ,  we f ind  t h a t  B = Bofl(nw) = 

= 0.97. Assuming B and k t o  be connected by r e l a t i o n  (8.2),  we f ind  t h a t  

Bo 

formula (8.7). For t h e  values adopted by us  €3 = 2.0. The c h a r a c t e r i s t i c  

"l ifetime" PT c i r c u l a t i o n  T = E/€ = Br/2U = 3.4.10 sec = 4 days, t h a t  i s ,  i f  

t h e  supply of energy t o  t h e  atmosphere were t o  be discontinued, and i f  r a t i o  
E / ( a E / a t )  = E/€ were t o  remain unchanged, i n  four days t h e  energy of c l r c u l a -  
t i o n  would decrease by e t imes.  

We follow Oort 

A t  t h i s  value of E t h e  
Using t h i s  value of E 

0 
k l /*  = 0.32, t h a t  i s ,  f,(n I = 1.43) zz 3. 

Let us  f u r t h e r  c':termine t h e  value of ordering parameter $ on t h e  bas i s  of 

5 
0 

- /S2 

Establishment of t h e  values of t he  constants of t h e  theorv and t h e  
approximate course of function f (Il ) makes possible  a rough presentat ion of 

t h e  possible  modifications of t h e  Earth 's  c l imate  on change i n  one w another 
"externalt t  parameter. Our approach i s ,  of course,  a highly s implif ied one 
which f a i l s  t o  allow f o r  t h e  numerous feedbacks e x i s t i n g  i n  the  atmosphere 
(see Monin, 1969), such as t h a t  regulat ing t h e  r o l e  of evaporation and cloudi- 
ness,  but a l l  t h i s  probably is  e s s e n t i a l  i n  t h e  case of not overly abrupt 
changes i n  t h e  "external parameters". 
our theory can probably provide a more o r  less co r rec t  answer. 

1 w  

In t h e  case of extensive modifications 

We have seen t h a t  one of t h e  basic  f a c t o r s  determining t h e  general c i r c u l a -  
We know tha t  w decreases t i o n  and cl imate  is  t h e  spin ve loc i ty  of t h e  planet  w. 
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constant ly  f o r  Earth as t h e  r e s u l t  of t h e  t i d a l  evolution of t h e  Edrth-Mool 
system @onin, 1972). 
by 1.7 m/s per  hundred years ,  Around oiie b i l l i o n  years ago t h e  day was 
approximately 5 hours sho r t e r ,  and it is possible  t h a t  several  b i l l i o n  years 
ago t h e r e  was i n  t h e  h i s t o r y  of i a r t h  a b r i e f  period during which the  days 
l a s t ed  about 5 hours. 
MacDonald (1964), t he  length of t h e  day w i l l  reach one month, after whtch t h e  
month w i l l  become s h o r t e r  than t h e  day, and t i d a l  f r i c t i o n  w i l l  zause t h e  Moon 
t o  fa l l  t o  Earth i n  a r a t h e r  sho r t  period (7*10* years) .  

A t  t h e  present time t h e  length of t h e  day is  i m r - a s i n g  

Cn t h e  o the r  hand, i n  5.3*109 years ,  accordiuk t o  

I f  t h e  composition of t h e  atmosphere and t h e  o the r  astronomical f a c t o r s  
a r e  assumed t o  be invariable ,  it i s  easy t o  follow t h e  evolution of climaLd 
caused by r o t a t i o n .  Let us  take formula (10.2) with t h e  value a = 1. Then 
i n  t h e  pas t  t h e  winds must have been much s t ronger  and t h e  poles appreciably 
colder6.  

i n  t h e  fu tu re ,  s ince  6T t ,  t h a t  

i s ,  the  temperature d i f f e rence  between t h e  equator ia l  and t h e  po la r  reRioiis w i l l  
be only approximately 10 K. 
mtsec, while at  t h e  present U = 17 m/sec. 

On t h e  other  hand, warming of t he  polar  regions i s  t o  be an t i c ipa t ed  
3/ 2 f l  ( n u ) .  The maximum decrease i n  6T = 33/2 

The minimum mean wirds w i l l  be approximately 9 

For Earth t h e  c r i t e r i o n  of occurrence of a p a r t i c u l a r  type of c i r c u l a t i o n  
G a s  defined by formula (10.4) a t  t h e  present time equals 0.07, t h a t  i s ,  no 
subs t an t i a l  r o l e  i s  played by t h e  temperature d i f f e rence  between t h e  daytime 
and t h e  nighttime hemispheres. 
comes t o  equal 2 weeks or  more t h e  s i t u a t i o n  w i l l  change; during t h e  lengthy 
weeklong night  t h e  atmosphere w i l l  cool by more than 10 K and t h e  c i r c u l a t i o n  
w i l l  be oriented from t h e  daytime toward t h e  nighttime s ide .  Increase i n  t h e  
c i r c u l a t i o n  spacc sca l e  t o  nr a l s o  r e s u l t s  i n  appreciable i n t e n s i f i c a t i o n  of 
t he  wind. 

However, when i n  several  b i l l i o n  years t h e  day 

13. Mars 

Let us assume t h a t  we are l i v i n g  i n  1964, t h a t  i s ,  t h a t  we possess t h e  
astronomical d a t a  on t h e  planet and have j u s t  learned from t h e  f l i g h t  of 
Mariner-4 t h a t  p a 5 mb and t h a t  t h e  atmosphere c o n s i s t s  c h i e f l y  of CO What 

S 2 '  
may then be derived from t h e  s i m i l a r i t y  considerations? For Mars JIM ss 3.3-10-' 

and nu = 10.5 a t  t h i s  f i gu re .  

k = 0.1. = 0.033 

i s  not so small, and consequently t h e  inf luence of decrease i n  function f(Il ) 

and t h e  u t i l i z a t i o n  f a c t o r  may prove t o  be subs t an t i a l .  

A t  f i r s t  we w i l l  set r o t a t i o n  a s ide ,  assuming 

We may note  t h a t ,  accori ing t o  t h e  r e s u l t s  of Section 9 ,  P m 
m 

Hence t h e  estimates 

6However, it must be borne i n  mind t h a t  during the  polar  night  t h e  temperature 
a t  t he  high l a t i t u d e s  cannot drop below -183'C, t h e  temperature of l iquefact ion 
of oxygen (or s l i g h t l y  lower than t h e  l i que fac t ion  temperature of n i t rogen) .  
The s i t u a t i o n  w i l l  be t h e  same a s  on Mars. The r e l ease  of heat of condensation 
prevents f u r t h e r  lowering of t h e  temperature (see t h e  end o f  Section 81. 
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made i n  what follows on t h e  b a s i s  & t h e  formulas i n  Section !? may be -yarded 
as exaggerated, 
erg,  U * 45 m/sec, 'I 

level  of t h e  atmosphere. Taking II 1 .  t h a t  i s  f (II ) 2 ,  i n t o  accgunt, we 

miglit say t h a t  t h e  winds t h e r e  a r e  su rc ly  arolind 60 m/sec and t h a t  6T * 100 K,  
and are known t o  be more than 100 IC on t h e  surface.  
polar caps may cons i s t  of d ry  i c e .  

Then with r o t a t i o n  not taken i n t o  account we obtain E QS 2 0 1 0 ~ ~  
* 1 day, E sa 150 cm2/sec3, and 6T W 75 K a t  t h e  mean U 

0 1 w  

This suggests t h a t  t h e  

The ca l cu la t ions  by Leovy and Mintz (1966) show t h a t  our predict ions are 
not tb- far  from t h e i r  r e s u l t s .  
by a f a c t o r  of approximately 1.5, but when it is  remembered t h a t  estimates of 
the k i n e t i c  energy of c i r c u l a t i o n  d i f f e r i n g  by a f a c t o r  of 2 , re  encountered 
even f o r  t h e  Earth 's  atmosphere (see Lorenz, 1967), t h i s  forecast  f o r  Mcrs 
may be acknowledged t o  be satisfacLory. 
exaggerated. 

I t  i s  t r u e  t h a t  we have exaggerated t h e  speed 

In addi t ion,  our estimates a r e  ?robably 

Let us examine i n  greater d e t a i l  t h e  r e s u l t s  of t h e  second numerical 
experiment conducted by Leovy and Mintz (1969) on simulation of t h e  c i r c u l a t i o n  
and climate of t h e  Martian atmosphere. In t h i s  experiment ca l cu la t ions  were 
performed f o r  d e t a i l e d  maps of t h e  d i s t r i b u t i o n  of wind, r - e s su re ,  and 
temperature, and a l l  t h e  i n t e g r a l  a:id mean c h a r a c t e r i s t i c s  we requ i r e  a r e  
given: t o t a l  k i n e t i c  energy of c i r c u l a t i o n ,  e f f i c i ency  of t h e  atmosphere q, and 
t h e  mean meridional temperature sec t  ions.  
out f o r  t h e  winter s o l s t i c e  i n  t h e  northern henisphere and t h e  autumnal equinox 
i n  t h e  southern hemisphere. 
Mars. t h e  heat f l ux  values d i f f e r  apprec'ably i n  these th-9 cases. The pressure 
at t h e  surface was taken as equal l ing 7.5 mb, t h e  p a r t i a l  pressure of CO being 2 
5 mb and nitrogen accounting f o r  t h e  remainder. 
atmosphere and on t h e  surface were assumed t o  equal 2r)O K .  

A l l  t h e  ca l cu la t ions  were ca r r i ed  

In consequence of t h e  e l l i p t i c i t y  of t h e  o r b i t  of 

The i , . i t i a l  temperatures i n  t h e  

The ca l cu la t ion  of c i r c u l a t i o n  was performed f o r  25 days. 

Condensation of the  atmospheric carbon dioxide (at  146.4 K ,  i f  p, = 7.5 mb) 

began during t h e  period of  t h e  equinox i n  both po la r  regions on t h e  surfacc of 
t h e  p l ane t ,  and during t h e  period of t h e  s o l s t i c e  i n  t h e  v i c i n i t y  of t h e  North 
Pole; a more o r  l e s s  s t a t i o n a r y  level  of k i n e t i c  energy of c i r c u l a t i o n  was 
establ ished on t h e  t en th  day. However, s 2 r i c t l y  s t a t i o n a r y  c i r c u l a t i o n  i s  not 
t o  be assumed, since i n  winter t h e  mean atmospheric pressure decreases owing t o  
condensation of CO a t  a r a t e  of 0,011 mb per day, t h a t  i s ,  during t h e  Martian 

winter 20-258 of t h s  e n t i r e  atmosphere may s e t t l e  i n  t he  polar cap. The l a t t e r  
s i t u a t i o n  i s  i n  agreement with t h e  simple estimates made by Leighton and Murrey 
(1966), who substant ia ted the  idea t h a t  t h e  polar  caps may cons i s t  of dry i c e .  
The r a t e  of condensation i s  an order of magnitude lower during t h e  period of t h e  
equinox. Since a t  l e a s t  one of the  caps is always i n  exis tence on Mars, t h e  
ac tua l  amplitudes of f luc tua t ions  i n  atmospheric prcssure is apparently less 
than 208. 
temperature gradients  i n  t h e  winter hemisphere, oving t o  the Cor io l i s  fo rce ,  
r e s u l t  i n  t he  development t h e r e  of s t rong winds. 

- /54 2 

The large Clux of mass toward t h e  cold pole and t h e  large meridional 

In t h e  summer hemisphere t h e  
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winds are s l i g h t  owing t o  t h e  small temperature gradients .  
temperature d i s t r i b u t i o n  and t h e  varying cczdensation rate represent  t h e  
ch ie f  causes of t h e  d i f f e rence  i n  c i r c u l a t i o n  c h a r a c t e r i s t i c s  during t h e  t w o  
per iods under consideration. 

The na ture  of 

The basic mean c i r c u l a t i o n  c h a r a c t e r i s t i c s  with which w e  are concerned 
are given i x r  Table 6 for t h e  per iods of t h e  solstice (S) and t h e  equinox (E). 

At tent ion is a t t r a c t e d  by t h e  fact t h a t  t h e  value o f  t h e  u t i l i z a t i o n  factor 
is more than an order  cif magnirude smaller than t h e  corresponding factor for 
t h e  Earth 's  atmosphere. 
Martian atmosphere, as a r e s u l t  of which it emits a greater p a r t  of t h e  solar 
energy whereever t h e  la t te r  is received, and t h e  t h i n  atmosphere of t h e  p lane t  
is not capable of accomplishing s p a t i a l  t r a n s f e r  of a l a rge  quan t i ty  of heat .  
This reduces t h e  e f fec t iveness  of t h e  atmospheric heat tension.  

This i s  due t o  t h e  poor "greenhouse" p rope r t i e s  of t h e  

Table 7 presents  values  ca lcu la ted  on t h e  basis of t h e  data i n  Iab le  G for 
t h e  degree cf  f lux  ordering 8, u t i l i z a t i o n  factor li, a d  t h e  value of funct ion 
f (II ) fc: t h e  same periods found on tSe  assumption t h a t  Po * kl/* and B = 1 w  
= B f (ll ). O l w  

The da ta  i n  Table 7 show t h a t  though t h e  r e s u l t s  of t h e  ca lcu la t ions  by 
Leovy and Mintt (1969), owing to  t h e  s p e c i f i c  f ea tu res  noted of t h e  Martian 
atmosphere', a r e  not idea l  for est imat ing t h e  coe f f i c i en t s  and values  of 
function f (n ) introduced here,  yet  t h e  d ispers ion  of t h e  latter does not ex- 

ceed t 3 e  accuracy of t h e  known c h a r a c t e r i s t i c s  of Earth 's  atmosphere. Thus WG 
take S * 2 . 5 ,  k m 5 ~ 1 0 - ~ ,  fl(nw) = 1.9 as t h e  mean values,  t h e  seas .rial 

var izcions probably being real is t ic .  

7Let us  consider yet another circumstance in  t h i s  context .  
(8.8) t o  estimate 6T with t h e  values of f l ,  6, and k found f o r  t h e  s o l s t i c e  

would y i e ld  6T 

a t  Tc 5 150 K prevents t h e  atmosphere from cooling below t h i s  temperature 

because of the  r e l ease  of l a t e n t  heat .  
d x s a t i o n  plays a minor r o l e ,  a l l  t h e  values  determined are found t o  be mutually 
cons is ten t  and agree f a i r l y  well with t h e  theo re t i ca l  ones. 

1 w  

Use of  formula 

200 i;, t h a t  i s ,  T2 sz 50 K. However, t h e  condensation beginning 

In t h e  case of  t h e  equinox, when con- 
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Thus w e  know t h e  values  of funct ion fl(nyl) at t h r e e  poin ts :  a t  Il << 1 

2 

w 
f (II ) = 1, f o r  Earth fl(nU = 1.43) 

behavior may be approximated by a r e l a t i o n  of t h e  form ql(nw) a 1 + anU , i n  
which a ss 0.9 ? 0.2 PS 1, t h i s  being i n  agreement with (10.2). 

3, and f o r  Mars fl(Ilu ss 1.0s) ss 1.9. This 1 w  

To conclude our discussion of t h e  r e s u l t s  obtained by Leovy and Mint2 (1969) 
we may note  t h a t  t h e i r  experiments demonstrate t h e  presence of a l a rge  d iu rna l  
component i n  t h e  wind f i e l d  caused by t h e  sharply defined boundary between 
t h e  dark and illuminated s i d e s  of t h e  p lane t .  The au thors  term it t h e  d iurna l  
thermal t i d e .  
stood within t h e  -ontext of our concepts. According t o  t h e  r e s u l t s  of  Sect ion 
10, t h e  r e l a t i v e  rcile of  such e f f e c t s  f o r  t h e  general c i r c u l a t i o n  is estimated 
as the  value o f  dimensionless criteria G defined by formula (10.4). 
G 2 0 . 5 ,  t h a t  is, it is t o  be an t i c ipa t ed  t h a t  t h e  d iurna l  v a r i a t i o n  of 
temperature on t h e  planet  mrust as a matter of f a c t  play an appreciable  r o l e  i n  
determining t h e  general c i r c u l a t i o n  condi t ions of t h e  Martian atmosphere. 

The ex is tence  of t h i s  e f f e c t  on Mars can also be e a s i l y  under- 

For Mars 

In a l l  t hese  ca l cu la t ions  and estimates no allowance is made f o r  t h e  
sur face  toposraphy of Mars, uhich t h e  d a t a  obtained from space s t a t i o n s  and by 
radar  show t o  be  highly c o q l e x .  
winds; f o r  t h i s  reason t h e  speeds of t h e  ac tua l  loca l  winds nay d i f f e r  
appreciably from t h e  est imates  ind ica ted  here. Qua l i t a t ive  estimates of t h e  
r o l e  o f  topography i n  t h e  wind condi t ions on Mars have been made by Gierasch 
and Sagan (1971) and by Sagan, Veverka, and Gierasch (1971). In a book published 
i n  1973 a t  least b r i e f  mention should be made of t h e  r e s u l t s  obtained i n  1971- 
-1972 by t h e  unmanned in t e rp l ane ta ry  statiom Mariner-9, Man-2, and Mars-3. 
Although t h e  bulk of t h e  s c i e n t i f i c  d a t a  still  had not been processed by May of 
1972, l e t  alone published, it is  obvious t h a t  t hese  r e s u l t s  w i l l  lead t o  a 
g igan t i c  increase i n  our knowledge about Mars. 
graphy and configurat ion of t h e  p l ane t ,  t h e  composition of i t s  atmosphere, t h e  
atmospheric temperature p r o f i l e s ,  t h e  s t r u c t u r e  of t h e  upper atmosphere, t h e  
magnetic f i e l d ,  and so f o r t h  w i l l  a l l  g r e a t l y  broaden our ideas  about t h e  red 
planet .  

Topography heavi ly  inf luences t h e  na ture  of 

The observat ions on t h e  topo- - / 5 6  

TABLE 7. THEORETICAL CIRCULATION CHARACTERISTICS 

Commas i nd ica t e  decimal poin ts .  

The beginning of explorat ion of Mars by means of space s t a t i o n s  coincided 
with a dust  storm of Cnormous i n t e n s i t y  which l a s t ed  f o r  around 4 months. In 
t h i s  book Section 19 i s  devoted t o  t h e  question of  t h e  dust  storms, s ince  con- 
s ide ra t ion  of  t he  l a t t e r  r equ i r e s  allowance f o r  many f a c t o r s ,  including local  
ones, which we study i n  t h e  next chapter .  
merely t o  present ing a few of t h e  most i n t e r e s t i n g  t e l e v i s i o n  photographs of 

Here we s h a l l  confine ourselves  
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one of t h e  reasons moving t h e  author t o  attempt t o  a r r i v e  a t  a t h e o r e t i c a l  
understanding of t h e  thermal condi t ions o f  t h e  atmosphere of Venus. 
ul t imately led,  in  1969, t o  construct ion of a theory of s i m i l a r i t y  f o r  t h e  
general c i r c u l a t i o n  of planetary atmospheres. 

The e f f o r t  

The f indings o f  t h i s  theory were i n  agreement with t h e  r e s u l t s  of measure- 
ments en 3.12 cm. Insofar as Venus is concerned, t h i s  at  t h e  time was the  only 
confirmation t h a t  t h e  theory was co r rec t .  
Planetary Atmospheres held i n  Martha, Texas, at  t h e  end of October 1969, a t  
which t h e  author for t h e  first time presented a report on h i s  t h e o r e t i c a l  
r e s u l t s ,  it was ascer ta ined t h a t  i n t e r f e rence  measurements on 11.1 cm (see 
S i n c l a i r  et al . ,  1970), which d e f i n i t e l y  per ta ined t o  t h e  surface of t h e  p l ane t ,  
t h e  uniformity of t h e  temperature d i s t r i b u t i o n s  of Venus along t h e  meridian 
is demonstrated, a l s o  within the limits o f  an e r r o r  of around 12'. On t h e  
same occasion facts were presented which proved t h e  absence of a phase 
va r i a t ion  i n  temperature on Venus, t h i s  a l s o  being i n  agreement with t h e  concepts 
of our theory. 

A t  t h e  In t e rna t iona l  Symposium on 

The f l i g h t s  by t h e  Soviet unmanned space s t a t i o n s  of t h e  Venus series 
yielded t h e  first d i r e c t  information on winds i n  t h e  atmosphere of t h i s  planet  
(Kerzhanovich, 1972; Kerzhanovich, Morov, Rozhdestvenskiy, 1972; Kerzhanovich 
e t  a l . ,  1972). The method of wind speed measurement (Kerzhanovich et a l . ,  
1969) cons i s t s  of determining t h e  Doppler s h i f t  of t h e  frequency o f  t h e  
radio t r ansmi t t e r  o f  t h e  s t a t i o n  parachuted i n t o  t h e  atmosphere of t h e  planet .  
The bas i c  s h i f t  r e s u l t s  from t h e  r e l a t i v e  motion of Earth and Venus and t h e i r  
diurnal  ro t a t ion .  
of  accuracy and may be excluded. 
point s i t ua t ed  on a l i n e  connecting t h e  centers  of k i t h  and Venus, t h e  remaining 
Doppler s h i f t  is due t o  t h e  v e r t i c a l  descent of t h e  s t a t i o n .  However, i f  t h e  
s t a t i o n  descends t o  a point remote from t h e  underground one, then it descends 
a t  a c e r t a i n  angle t o  t h e  l i n e  o f  s i g h t ,  and i f  it undergoes horizontal  d i s -  
placement as a r e s u l t  of t h e  act ion of wind, t h e  speed of t h e  wind w i l l  c m t r i -  
bute t o  displacement of t h e  frequency of t h e  s ignal  received8. The speed of 
purely v e r t i c a l  descent may be calculated with good accuracy i f  t h e  v e r t i c a l  
pressure and temperature p r o f i l e s  a r e  known. 

Fortunately,  t h i s  motion i s  known with a very high degree 
If t h e  s t a t i o n  de-cends t o  an underground 

- /62 

According t o  t h e  da t a  of t he  Venus-4 s t a t i o n  (Kerzhanovich, 1972) at t h e  
point of i t s  landing (night s ide  of t h e  p l ane t ,  about 500 km north of t h e  
equator, near t h e  morning terminator) over t h e  40-50 km a l t i t u d e  range winds 
blow i n  t h e  d i r e c t i o n  of t h e  equator a t  speeds of 40-50 m/sec. 
a l t i t u d e s  t h e  speeds decrease f a i r l y  r ap id ly  and f a l l  within t h e  limits of 
t he  measurement e r r o r s ,  which a r e  ? 10 m/sec. The d a t a  of t he  Venus-7 s t a t i o n  
(Kerzhanovich e t  a l . ,  1972; Kerzhanovich, Morov, Rozhdestvenskiy, 1972), which 
were obtained by means of modified equipment, i nd ica t e  t h a t  t h e  zonal wind 
component ranged from 5 t o  14  m/sec ober t h e  a l t i t u d e  range from 53 t o  38 km. 

8The t ransverse Doppler s h i f t  in  t he  r a t i o  v/c i s  smaller than the  longi tudinal ,  
i n  which v i s  the  speed of t h e  s ignal  source and c i s  t h e  ve loc i ty  of l i g h t .  
Hence t h i s  e f f e c t  i s  in s ign i f i can t  in  movement along the  l i n e  of s i g h t .  

A t  lower 

56 



Below 38 km t h e  wind speed did not exceed 4 m/sec, a value comparable t o  t h e  
measurement and processing e r ro r s .  
ments a t  t h e  poiiit of landing of t h e  Venus-7 s t a t i o n  ( the  s t a t i o n  landed near 
t h e  equator and t h e  morning terminator) ,  as i n  t h e  case of t h e  Venus-4 s ta t ior i .  
do not contradict  t h e  estimates obtained on t h e  b a s i s  of our theoryg. 

In t h i s  sense t h e  d i r e c t  wind speed measure- 

In speaking of t h e  winds on Venus, w e  mst no t  f a i l  t o  mention the  so-cal led 
four-day c i r c u l a t i o n  i n  t h e  atmosphere of t h i s  planet .  
by Boyer and Camichel (1961) by photographing Venus i n  u l t r a v i o l e t  l i g h t  
(a lso see Smith, 1967). Against t h e  general  l i g h t  background of t h e  d i s c  of 
t h e  planet, t he re  was observed a dark  formation o f t en  having t h e  form of the  
l e t t e r  Y o r  Y lying on i t s  s ide  and w i t h  t h e  c e n t r a l  bar s i t u a t e d  on t h e  
equator. 
days, t h i s  corresponding t o  wind speeds of around 100 m/sec. 
i n  t h i s  instance is  purely zonal. 
i s  on the  order of a month. 

I t  was f i r s t  discovered 

This fornat ion r o t a t e s  about t h e  planet  with a period of around 4 
The c i r c u l a t i o n  

The lifetime o f  t h e  formations i n  question 

Figure 7 shows photographs of Venus taken with d i f f e r e n t  l i g h t  f i l ters  
and a t  consecutive time in t e rva l s .  These photographs were made i n  t h e  observa- 
t o r y  of t h e  New Mexico S t a t e  University, USA, and were kindly made ava i l ab le  t o  
t h e  author by Doctor B. A. Smith. The dark formations and t h e i r  displacements 
over time over t h e  d i s c  of t h e  planet  are c l e a r l y  t a  be seen i n  t h e  u l t r a v i o l e t  
rays. 
Venus i n  u l t r a v i o l e t  rays ,  according t o  Kuiper (1971), is 6145 km, while 
according t o  h i s  measurements i n  red l i g h t  and i n  t h e  near i n f r a red  region r = 
= 6,100 km. Kuiper assumes t h i s  d i s t ance  t o  be r e a l ,  and t h e  u l t r a v i o l e t  dark 
clouds, as these formations are s t i l l  c a l l e d ,  arz then found t o  be approximately 
40-50 km above t h e  v i s i b l e  yellow clouds. The atmospheric pressure a t  a l t i t u d e s  
of 90-100 km from t h e  surface of t h e  planet i s  of t h e  order  of one mb (Avduyevskiy 
e t  a l . ,  1969; Marov, 1971), t h a t  i s ,  t h e  four-day c i r c u l a t i o n  is  a s t r a t o s p h e r i c  
o r  even mesospheric phenomtnon on Venus. 
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No d e t a i l s  whatever a r e  t o  be seen i n  v i s i b l e  l i g h t .  The radius  of 

Attempts a t  hydrodynamic explanation of t h e  four-day c i r c u l a t i o n  have been 
undertaken by Schubert and Young (1970), Malkus (1970), and Gierasch (1970). The 
physical f a c t  underlying these explanations was represented by an e f f e c t  
observed by Schubert and Whitehead (1969). 
mercury i n  an annular vessel  occurring on heating of t h e  l i qu id  by a Bunsen 

These authors observed movements of 

gAccording t o  t h e  da t a  of t he  Soviet 'Venus-8 automatic space s t a t i o n  (see 
Pravda of 10 September 1972), which landed on t h e  l i g h t  s i d e  of t he  planet and 
far from i t s  underground po in t ,  along t h e  path of descent of t h e  s t a t i o n ,  t h e  
wind reached 50 m/sec i n  t h e  atmosphere over t h e  40-60 km a l t i t u d e  range and 
dropped t o  2 m/sec and below within the  lower 10-12 km above t h e  surface of t h e  
planet .  
d i f f e red  hardly a t  a l l  from the  temperature of t h e  p l a n e t ' s  surface,  *474 ?r 2OoC 
recorded by t h e  Venus-7 s t a t i o n  f o r  n i g h t t i v e  (Marov, 1971). One of t h e  most 
important s c i e n t i f i c  r e s u l t s  obtained by t h e  Venus-8 s t a t i o n  is t h a t  it was 
possible  f o r  t h e  f i r s t  time t o  measure the  v e r t i c a l  i l luminat ion p r o f i l e .  On 
the  surface of t h e  planet t he  i l lumination was found t o  h e  small, but was 
nevertheless a f i n i t e  value,  

The temperature a t  t he  point of landing equalled +470 t S 0 C ,  t h a t  i s ,  
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burner flame moved i n  a circle below t h e  bottom of t h e  vessel .  The mercury 
began t o  twist i n  t h e  d i r e c t i o n  opposite of t h a t  of movement of t h e  burner, 
t h e  speed of movement of t h e  l i qu id  exceeding t h e  speed of t h e  burner i n  
absolute  value. In t h e  case o f  Venus t h e  r o l e  of t h e  moving source of heat i s  
performed by s o l a r  r ad ia t ion  absorbed by t h e  atmosphere. 
a f u l l  revolut ion around t h e  planet i n  117 days - such is t h e  durat ion of 
s o l a r  days on Venus - and  t h e  upper l aye r s  of t h e  atmosphere accelerate i n  t h e  
opposite d i r ec t ion .  

This source completes 

The following may be t h e  hydrodynamic explanation of t h i s  effect. The 
heating of a l i q u i d  by a moving source o f  heat ,  owing t o  t h e  f i n i t e  value of 
thermal conductivity,  laps  i n  phase behind t h e  movement of t h e  source, t h i s  
l a g  being the  g rea t e r  t h e  f a r t h e r  are t h e  l aye r s  of l i qu id  from t h e  source. 
Ver t i ca l ly  incl ined convection c e l l s  develop as a result i n  t h e  case o f  a 
per iodic  source of heat.  
such t h a t  t h e  v e r t i c a l  flow of horizontal  momentum T = -puvwv ( u t  and w' are 
t h e  zonal and t h e  v e r t i c a l  v e l o c i t y  components) is d i r ec t ed  upward. 
increase i n  t h e  mean wind p r o f i l e  with a l t i t u d e  u n t i l  t he  v i s c o ~  ( turbulent)  
stresses balance t h e  Reynolds stresses. 

The Reynolds stresses occurring i n  t h i s  instance are 

This causes 

Schubert and Young (1970) demonstrated t h a t  t h e  i n t e n s i t y  of t h i s  e f f e c t  
depends on t h e  value of dimensionless c r i t e r i o n  

(14.1) 

i n  which g is t h e  accelerat ion of gravi ty;  H i s  t h e  c h a r a c t e r i s t i c  v e r t i c a l  
s ca l e  of motion ( in  t h i s  instance t h e  a l t i t u d e  of t h e  homogeneous atmosphere); 
U is t h e  speed of movement of t h e  v e r t i c a l  source, t h a t  i s ,  t h e  speed of 
movement o f  t h e  t ra i l  of t h e  Sun over t h e  surface of t h e  planet determined by 
i t s  spin and t h e  r o t a t i o n  o f  t h e  planet  about t h e  Sun; AT i s  t h e  value of over- 
heating of t he  l i qu id  o r  t h e  amplitude o f  t h e  diurnal  temperature v a r i a t i o n  
r e fe r r ed  t o  t h e  c h a r a c t e r i s t i c  temperature of t h e  medium, t h a t  is ,  t o  t h e  
e f f e c t i v e  atmospheric temperature T Since gH c: ,  and U w r ,  t h i s  c r i t e r i o n  

may a l s o  be r z r r i t t e n  a s  
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e '  

or, (10.3) m d  (10 4)  being taken i n t o  account, as 

nil, 0.11,; 
f-2 - =: -. 

11: I 11: 
(14.2) 

For Venus the value of t h i s  c r i t e r i o n  is  on the  order of 100, fo r  E a r t h  

and f o r  Mar5 0.1. From t h i s  Schubert and Young (1970) concluded t h a t  t h e  
e f f e c t  under discussion may be manifested only on Venus. 
on Mercury i f  t h i s  planet had any appreciable atmosphere. 
i n s ign i f i can t  i n  t h e  atmospheres of t h e  other  planets .  

I t  could a l s o  occur 
T h i s  e f f e c t  is 
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On t h e  whole t h e  theory of four-day c i r c u l a t i o n  i s  s t i l l  in  t h e  i n i t i a l  
s tage ,  i n  which t h e  lack of observational da t a  and t h e  obvious complexity of 
the  phenomenon permit t l 2  advancement only of simple q u a l i t a t i v e  ideas.  

Z? 40 23 IS 03 1’2 

uv uv uv 
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UV uv uv green 

uv uv green 

l igtirc 7 .  Photographs cf Vcnus i n  I l l t r av io l c t  Ikiys and in Green 
Light. Thc dark formations s h i f t i n g  with tilaic a r e  t o  Iw sccn i n  
t h e  photographs f o r  wliicli an u l t r a v i o l c t  f i l t e r  was uscd. l hc  
f igurcs  bclow thc individual pliotographs of t h e  d i s c  o f  the planct 
rcprcscnt local  tinic (hours and minutes). a ,  21-22 May; 1 1 ,  7 - 8  
.Junc; c ,  1.3-14 .Junc 1967. Photographs kindly sent by 13. A .  Smith. 



15. J u p i t e r  and Saturn 

From t h e  purely external  standpoint,  i f  t h e  r ings  and t h e  rare appearance 
of spots  are disregarded, Saturn i s  very similar t o  J u p i t e r :  
b e l t s  and l i g h t  zones p a r a l l e l  t o  t h e  l a t i t u d e s ;  t h e  sho r t e r  period of r o t a t i o n  
of t h e  equator ia l  regions i n  comparison t o  t h e  period o f  t h e  temperate 
l a t i t u d e .  The values of t he  basic  r o t a t i o n a l  s i m i l a r i t y  c r i t e r i o n  ll a r e  a l s o  

similar (see Table 3 ) .  

t h e  same dark 

w 

Winds have been observed f o r  more than 100 years now on J u p i t e r  a t  cloud 
level ,  on t h e  bas i s  of movement of t h e  spots .  
up t o  1957 is given i n  t h e  book by Peek (1958) (a lso see Moroz, 1967). A 
c r i t i c a l  continuation t o  1966 was made by Chapman (1969). 
of t h e  periods of r o t a t i o n  by l a t i t u d e s  are known, it i s  possible  t o  estimate 
t h e  mean k i n e t i c  energy of t h e  zonal motions, on t h e  assumption t h a t  t h e  
atmosphere i s  affected evenly by them t o  a depth characterized by quant i ty  M. 
This energy may be estimated by use of t h e  formula 

A summary of t h e  observations 

If t h e  d i s t r i b u t i o n  

(15.1) 

which is  obtained i f  it is considered t h a t  t h e  speed of t h e  i t h  zone r e l a t i v e  t o  
t h e  mean r o t a t i o n  of t h e  planet of period t = 2ncosdiAt t -2 .  

In t h i s  equation ai is t h e  mean width ( in  degrees) of t h e  band o r  zone with 
cen t r a l  l a t i t u d e  ai, and A t .  i s  the  d i f f e rence  between the  observed period and 

Carrying out summation over a l l  t h e  bands and zones we f ind  E = 8*1OZ7 M 

erg 10 M erg ,  i n  which M i s  i n  g/cm . Almost 90% of t h i s  value is represented 

= vi = Awircos8 
0 i i o  
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1 

28 2 

by t h i s  equator ia l  band and northern temperate current  C .  

According t o  Moroz (1967), t he  pressure a t  t h e  cloud level  i s  of t h e  order  
of 1.5-2.5 atm. 
atmosphere of a thickness equal a t  l e a s t  t o  t h e  a l t i t u d e  of one homogeneous 
atmosphere, we obtain a minimum estimate of t h e  value of M = p/g > lo3  g/cm2. 
Thus the  t o t a l  k i n e t i c  energy of c i r c u l a t i o n  is  E > 2 0 1 0 ~ ~  erg. 

On t h e  assumption tha t  t h e  motions a f f e c t  a l aye r  of t h e  

We may note t h a t ,  if no allowance were made f o r  r o t a t i o n ,  the est imate  of E 
on t h e  basis of (8.1) would y i e ld  only E 
r o t a t i o n  i s  a c t u a l l y  the decis ive one. 

4*102* erg,  t h a t  is ,  t h e  role of  

Even the  minimum estimatc obtained for  energy E permits t h e  making of a 

1 0 1 0 ~ ~  
number o f  other  useful estimates from t h e  most general pos i t i ons ,  s ince  t h e  
t o t a l  f l ux  of energy toward the  atmosphere i s  known t o  be Q = 4ar20T 
erg/sec. 

First of a l l  we est imate  t h e  value of Bq, which may be wri t ten by means 
of (7.7) and ( 3 . 4 )  as: 

(15.2) 
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t h a t  i s ,  we express the  product of t he  degree of ordering of t h e  f l u x  by 
the  atmospheric e f f i c i ency  i n  terms of t h e  more customary and observed quanti-  
t ies .  
of 30 m/sec. Then 80 > 2 .  

''* (see Section l o ) ,  we should have B > 2 ,  or  T value ?l m M- 
cm; 3 .10~ cm/sec * 1 month. 
of minor d e t a i l s .  According t o  Peek (1958), small spots  are tracked on t h e  
d i s c  qf the planet  f o r  many weeks, months, and even years.  
very low i n t e n s i t y  of turbulence i n  t h e  atmosphere of t h e  p l a n e t l o .  

The mean ve loc i ty  of t h e  v i s i b l e  motions across  t h e  d i s c  are of t h e  order  
Since usual ly  0 << 1 and f o r  l a rge  values M t h e  

9 

Large l i f e t i m e  values on J u p i t e r  are t y p i c a l  even 

>> 8r/2U = 7-10 U 

This ind ica t e s  a 

The typ ica l  periods of v a r i a t i o n  i n  the width of t h e  bands and zones on 
J u p i t e r ,  which may be regarded as periods of large-scale  weather phenomena, 
may have a g rea t e r  bedring on t h e  question of t h e  c h a r a c t e r i s t i c  ' I l ifetimett  
of c i r cu la t ion .  
by Maroz. I t  follows from t h i s  t a b l e  t h a t  t h e  durat ion of t hese  periods i d  

c h i e f ly  12-16 years,  o r  (4-5).10* sec,  including t h e  equator ia l  zone, i n  which 
t h e  highest  speeds a r e  observed. However, even t h i s  time may prove t o  uz 
s u b s t a n t i a l l y  sho r t e r  than the  c i r c u l a t i o n  l i f e t i m e  of T As a matter 

2 of f a c t ,  i f  by t h e  analogy with Earth we assume an e f f i c i ency  of  0 = 10- , and 
t h i s  i n  a l l  p robab i l i t y  i s  a great  exaggeration f o r  t h e  deep atmosphere of 
J u p i t e r ,  s ince rl cI M-l'*, we w i l l  have E = nQrU = loz5 erg/sec*4*108 sec*10-2 = - /67 

= 4.10 
t o t a l  k i n e t i c  energy of atmospheric c i r c u l a t i o n  of t h e  p l ane t .  

A t a b l e  of such periods prepared by Fokas is given i n  t h e  book 

= E/qQ. U 

31 erg, t h a t  is, 3 value comparable t o  our minimum est imate  f o r  t h e  

Much l a rge r  values of t h e  energy of t h e  motions, and consequently a l s o  of 
t h e  depth of t he  atmosphere affected by them, and of t h e  c i r c u l a t i o n  l i f e t i m e ,  
may be obtained by use of function f l (nw)  i n  t h e  form of (10.5). 

been done by the  author (Golitsyn, 1970b). However, s ince r e l a t i o n  (10.5) i s  
hypothetical  i n  nature ,  we wil l  not consider t h i s  matter i n  d e t a i l .  

This has 

Let us turn t o  Saturn. The period of r o t a t i o n  of t h e  equator ia l  zone, 
which i s  520' i n  width, i s  near 10 hours 15 minutes, and t h e  Fsriods f o r  t h e  
l a t i t u d e s  above 530' is  near 10 hours and 40 minutes. The k i n s t i c  energy of 
apparent motions r e l a t i v e  t o  t h e  middle l a t i t u d e s  may then be estimated on t h e  
bas i s  of formula (15.1). I t  i s  found t o  be approximately M erg ,  t h a t  is ,  
t h e  value of t h e  numerical coe f f i c i en t  of M i s  one order o f  magnitude larger 
than was t h e  case f o r  J u p i t e r .  
f a c t ,  wri t ing t h e  expression f o r  t he  t o t a l  k i n e t i c  energy i n  t h e  general form 

Such a d i f f e rence  is  su rp r i s ing .  As a matter of 

'OThe rapid changes i n  shape o r  color  o f  individual regions of t h e  planet t h a t  
a r e  sometimes observed a r e  probably due t o  condensation i n s t a b i l i t y  of tire 
cloud systems caused by small va r i a t ions  i n  temperature (Moroz, 19671, something 
which has no d i r e c t  bearing on t h e  hydrodynamic s t a b i l i t y  of t he  f l u x .  
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(Te i s  introduced i n t o  (8.1)) and assuming t h e  r a t i o  i n  t h e  form of 
f (nu , .  . .) t o  be on t h e  order o f  u n i t y  f o r  both p l ane t s  becausc of t1.e similarity 

of t h e i r  Il 

approximately 5 times as great  f o r  Saturn. 
- based on t h e  apparent motions, we f i n d  from t h i s  t h a t  the atmosphere of Saturn 

i s  affected by motions t o  a depth based on mass t h a t  is  approximately 5G times 
smaller than on J u p i t e r ,  although the re  a r e  d a t a  (Moroz, 1967) ind ica t jng  t h a t  
t h e  pressure a t  t h e  cloud l aye r  l eve l  of Saturn i s  a l s o  on t h e  order of 1 
atmocohere. 

w t i o n  

values,  we f ind  t h a t  t h e  t o t a l  k i n e t i c  energy f o r  J u p i t e r  should be 
w 

By comparing t h e  estimates of E 

In view of t h i s  s i t u a t i o n  t h e  p o s s i b i l i t y  is  not t o  be disregarded t h a t  
t h e  atmospheric dynamics of Saturn d i f f e r  s u b s t a n t i a l l y  i n  some respects  from 
t h e  dynamics of J u p i t e r .  Thus i n  t h e  €unctions f(IIYI, ...), although arguments 

Il a r e  similar, t h e  other  f a c t o r s  indicated by t h e  do t s  mcy be e n t i r e l y  

d i f f e r e n t ,  and then t h e  r a t i o  of t hese  functi0r.s foi. t h e  two planets  d i f f e r  
g rea t ly  from uni ty .  

w 

There i s  r e l i a b l e  knowledge of only one subs t an t i a l  d i f f e rence  bet'lvvn 
The former has a s t rong aagnet lc  f i e l d  of t h e  order  qf J u p i t e r  and Saturn. 

10 gauss, while i n  t h e  case of Saturn a l l  at tempts t o  de t ec t  t h i s  f i e i d  have 
not as yet been successful.  I t  apparently i s  very weak o r  docs not e x i s t  a t  
a l l .  Attention has repeatedly been ca l l ed  by Hide (see h i s  survey, 1969, which 
a l s o  includes a large bibliography) t o  t h e  possible  importance cf hydromagnetic 
e f f e c t s ,  a t  l e a s t  f o r  s u f f i c i e n t l y  great  depths of t h e  atmosphere of J u p i t e r .  
Hence i f  may tu rn  out t h a t  p rec i se ly  Saturn is a "normal" r ap id ly  r o t a t i n g  
planet from t h e  viewpoint of atmospheric dynamics, while i n t ens ive  movements 
i n  the  atmosphere of J u p i t e r  a r e  im?eded by hydromagnetic i n t e r a c t i o n s .  
such is  t h e  case,  i f  J u p i ' x  had no magnetic f i e l d ,  t h e  apparent motions i n  i t s  
atmosphere could be characterized by higher v e l o c i t i e s ,  something which would 

mot ions. 

If 

reduce the  d i f f e rence  i n  t h e  values of t h e  atmospheric mass affected by t h e  /68 

J u p i t e r  and Saturn a r e  a l s o  of great  i n t e r e s t  as purely hydrodynamic 
subjects .  
which remain t o  be solved. 
s t r u c t u r e  of t he  d i s c s  of t he  p l ane t s ,  and t h e  nature  of t h e  Great Red Spot 
of J u p i t e r .  
1969) 

We may c i t e  t h ree  important hydrodynamic problems f o r  these p l ane t s  
They a r e  the  equator ia i  acce le ra t ion ,  t h e  s t r iped  

A l l  t he se  problems have been discussed i n  d e t a i l  by Hide (1966, 

In order t o  explain t h e  equator ia l  acce le ra t ion ,  i t  i s  necessary t o  f ind  
a mechanism of t r a n s f e r  of angular momentum from t h e  temperate l a t i t u d e s  t o  
the  low ones. As has been demonstrated by Hide (1970b) and S t a r r  (1971), such 
a mbchanism can be provided only by asymmetrical disturbances of the  zonal 
f lux ,  but i t  i s  Rot as yet c l e a r  -:nat t h e  nature  of such disturbances might be. 
Closely r e l a t e d  t o  the  foregoing i s  t h e  problem of explaining t h e  s t r i p e d  
structl-we of t h e  d i s c s  of J u p i t e r  and Saturn. This s t r u c t u r e  unquestionably is  
a r e f l w t i o n  of t h e  s t r u c t u r e  of atmosphvric c i r c u l a t i o n  and some s o r t  o f  
i n s t a b i l i t y  of t h e  l a t t e r .  Attention was f i r s t  ca l l ed  t o  t h i s  by Hess and 

62 



Panofsky (1951). Stone (1967, 1970) attemoted t o  f ind  new types of  ba roc l in i c  
i n s t a b i l i t y  i n  t h e  zonal f l u x ,  including ncngeostrophic ones, but t h e  appl ica-  
b i l i t y  of  t hese  r e s u l t s  t o  t h e  clctual condi t ions is  na t i i ra l ly  alwavs open t o  
doubt. 

A highly i n t e r e s t i n g  work i s  t h a t  by Ingerso l l  and Kuzzi :1969), who c31- 
culated t h e  r e l a t i v e  speeds of t h e  thermal wind, using t h e  observed values cf 
t h e  albedo gradien ts ,  and f inding very good agreement with the  observed d i s -  
t r i b u t i o n  o f  v e l o c i t i e s  along t h e  meridian. 
must be warmer than t h e  dark bands. 
assumption regarding monotonic va r i a t ion  i n  i n s o l a t i o n  with l a t i t u d e  as the  
sole source of  t h e  energy o f  t h e  flows. 

I t  was found t h a t  t h e  l i g h t  zones 
These r e s u l t s  are not i n  tigreement k-ith t h e  

Of i n t e r e s t  i n  t h i s  context i s  t h e  hypothesis of Barcilon and Gierasch 
( t o  t h e  effect t h a t  t h e  banded s t r u c t u r e  o f  J u p i t e r  reflects v a r i a t i m  i n  t h e  
concentration of  condensing substances ,;ith l a t i t u d e ) .  The moist ad iaba t i c  
gradient v a r i e s  owing t o  uneven releRse of  t h e  heat o f  c0ndensatj.m along t h e  
meridian, t h i s  circumstance causing a thermal wind observed as v a r i a t i o n s  i n  
t h e  periods of r o t a t i o n  with l a t i t u d e .  The r e s u l t s  obtained by Barcilon and 
Gierasch (1970) are i n  agreement with t h e  r e s u l t s  o f  1::gCrsoll and Kuzzi (1969). 

There is an extensive bibliography on t h 2  question o f  t1.e na tu re  of  t h e  
Great Red Spot on Jup i t e r .  This spot was tiiscovered by Hooke (1665). In t h e  
photograph o f  J u p i t e r  (see Figure 1) it is s i t u a t e d  i n  :he southern hemisphere. 

The Great Red Spot was barely noxiceable dL:ing tht .  18th and f o r  a l a r g e  
p a r t  of t h e  19th century,  npparently owing t o  t h e  low c o n t r a s t ,  but nhout 100 
years ago it abrupt ly  became darker.  Tk.e Great Red Spot i s  usual ly  e l l i p t i c a l  
i n  shape and extends 20-40,000 km i n  longitude and 5-10,900 km i n  l a t i t u d e .  
The p x i o d  of r o t a t i o n  of t h e  Great Red Spot has changed i r r e g u l a r l y  over t h e  
las t  100 yea*s. I t  has d i f f e red  from t h e  period of  r o t a t i o n  of t h e  telnperate 
l a t i t u d e s ,  so t h a t  t h e  t o t a l  d i f f e rence  i n  100 years  has been of thd order o f  
67~, t h a t  i s ,  over t h i s  period t h e  Great Red Spot nas gone around t h e  d i s c  of  
t h e  planet approximately 3 times. 
i n  o r i g i n  01' t h a t  it is :In is l t  id f l o a t i n g  i n  denser atmosphere, which were 
advanced up t o  t h e  middle o f  t h e  20th century,  are f o r  various reasons 
unsa t i s f ac to ry  (see Moroz, 196:). Hide (1961) advanced a new hypothesis 
aczording t o  which t h e  Great Ked Spot is 3 so-cal led Taylor column, a disturbance 
i n  t h e  geostrophic flow created by unevenness on t h e  hard smface of t h e  
p lane t .  This hypothesis was t h e  subjec t  of l i v e l y  discussion during t h e  19hOs 
( a  survey of thc l i t e r a t u r e  is  t o  be found i n  Hide, 1969), but it e x o u n t e r s  
t h e  samv d i f f i c u l t y :  
must be assumed t o  be uneven. 

169 - 
Hypothesos t o  t h e  e f f e c t  t h a t  it j s  volcanic 

t h e  speed c f r o t a t j o n  of t h e  solici body of t h e  planet 

Our est imates  of t h e  c i r c u l a t i o n  c h a r a c t e r i s t i c s  f o r  J u p i t e r  i nd ica t e  
t h a t  t h e  c i r c u l a t i o n  l i f e t ime  must be very la rge .  Estimates of T w i t h  functi-m U 
f (ll ) on t h e  bLJis of (10.5) revealed (Golitsyn, 1970b) t h a t  T" ITI; 

order  of mil l ions of years. 
simply a l a r g e  atmospheric vortex.  
t h e  p lane t .  An hypothesis such ac. t h i s  i s  f r e e  of a number of t h e  de fec t s  of 

.)e of t h e  

Thus it need not be a permanent f e a t w e  of 

1 w  
I t  may be assumed t h a t  t h e  Great Red Spot i s  

6 3  

8 



previous hypotheses (see t h e  discussSon or it by Sagan, 1971 bl; !xweYer, it 
is too genetal  and does not explain t h e  va r i a t ions  of t h e  d i f f e r e n t  periods i n  
t h e  form and posi t ion of t he  Great R e d  Spot- 

The theory of t h e  Great R e d  Spot which is t h e  most complete up t o  t h e  
present ,  one which explains t h e  majority of t h e  d e t a i l s  of its v a r i a t i o n  i n  
shape, displacements i n  longitude and l a t i t u d e .  and so f o r t h ,  has been 
proposed by S t r e e t ,  Ringermacher, and Veronis (1371). The authors have advanced 
t h e  hypothesis t h a t  t h e r e  i s  a l a rge  accumulation of condensed matter, such as 
s o l i d  hydrogen, f l oa t ing  i n  t h e  i n t e r i o r  of t h e  planet .  There would then be a 
Taylcr column above it. Any v e r t i c a l  displacements of t h i s  accumulation would 
r e s u l t  i n  melting o r  growth o f  t h e  Great Red Spot, as a r e s u l t  of which its 
shape would a l s o  change. As a r e s u l t  of preservat ion of t h e  momentum of t h e  
ac -umclacion, horizontal  displacements would lead t o  f luc tua t ions  r e l a t i v e  t o  
i t s  mean posit ion.  The densi ty  of t h i s  accumulation is  p r a c t i c a l l y  equal t o  
t h e  densi ty  of t h e  ambient m e d i u m ,  and it behaves as does a f l o a t  i n s ide  3 
s t r a t i f i e d  l iquid.  Such a float was fir;t invented by Descartes, so t h a t  this 
theory of t h e  Great Red Spot is known as t h e  hypothesis of t h e  Pescar t ian slope.  
Despite t h e  a t t r ac t iveness  of t h i s  t he r ry ,  t h e  na tu re  of such a possible  
accumulation of matter deep within ;he planet remains vague, s ince  t h e  r e s u l t s  
of Trubitsyn (1972) d e f i n i t e l y  ind ica t e  t h e  impossibi l i ty  of condensation of 
hydrogen t o  t h e  s o l i d  i>hase. 

Cyclonic c i r cu la t ion  of gaseous masses e x i s t s  i n  t h e  region of t h e  Great 
Red Spot; it has been very e f f e c t i v e l y  paced by Reese and Smith on t h e  b a s i s  
of movement o f  a small spot over t h e  d i s c  of Jupi ter .  The pos i t i ons  of this 
small spot r e l a t i v e  t o  *he Great Red Spot i t s e l f  a r e  indicated by boldface d o t s  
i n  Figure 8. The f i g u r r j  with t h e  do t s  a r e  t h e  da t e s  i n  January of 1966 when 
t h i s  p i c tu re  :$as observed. By using these data ,  Hess (1969) estimated t h a t  t h e  - /70 
mean v o r t i c i t y  within t h e  Great Red Spot, a s  determined on t h e  bas i s  of t h e  
c i r cu la t ion  value, equals sec-l ,  and t h e  corresponding Rossby number i s  
sccordingly near 0.08. The values of t h e  two q u a n t i t i e s  are of t h e  order  of 
such q u m t i t i e s  f o r  large-scale motions i n  t h e  Earth’s atmosphere. 

16. The Sun 

The Sui, t h e  source of energy for a l l  atmospheric motions, itself pssesses 
We s h a l l  he re  a broad spectrum of motions on t h e  apparent surface of i t s  d i s c .  

consider only the  motions of t h e  l a rges t  s ca l e ,  ones which t h e  meteorologists 
would term general c i r cu la t ion .  Among t h e  great meteorologists who have con- 
cerned themselves with the  nature  of motions on t h e  Sun mention may be made of 
Wiihelm Bjorknes. An e n t i r e  chapter in  t h e  book by S t a r r  (1968) devoted 
especial ly  t o  t h i s  problem h a s  been w r i t t e n  in  t h e  language of contenporary 
meteorology. 

The Sun, which is the  star c1os.l- - i <  us ,  has an apparent d i s c  of a r a d i u s  
This i s  the upper boundary of t h e  so-called photosphere, 

The accelerat ion of g r a v i t y  a t  t h i s  l eve l  
equalling 696,000 km. 
t he  i r r a d i a t i n g  surface of the  s t a r .  
equals 27 .4  m/sec2. 
ionized hydrogen - a mixture of protons and e l ec t rons  with a c e r t a i n  admixture 

The g rea t e r  part of t he  s o l a r  matter i s  represented by 
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place  somewhere i n  t h e  cen te r  of t h e  star, t h e  equipoten t ia l  and isothermic 
surfaces  do not coincide.  As a r e s u l t ,  t h e  poles should be somewhat h o t t e r  
than t h e  equator ia l  regions on one equipoten t ia l  surface.  Hence t h e  conclusion 
was drawn about the necess i ty  of r e r id iona l  c i r cu la t ion ,  which, w i n g  to  t h e  
Coriolis force, should generate  zonal c i r c u l a t i o n ,  d i f f e r e n t i a l  ro t a t ion .  This 
g r e a t l y  resembles t h e  o ld  q u a l i t a t i v e  theo r i e s  of general  c i r c u l a t i o n  of t h e  
Earth 's  atmosphere (see LOrenz, 1967) which it was necessary to  abandon at  t h e  
end of t h e  1940s. 
mately t h e  same time, when Opik  (1951) and Cowling (1953) estimated t h a t  t h e  
speed of such meridional movements is many orders  of magnitude lower than 
1 cm/sec. 

Astronomers themselves sensed t h e  d i f f i c u l t i e s  at  approxi- 

The dec i s ive  role of la rge-sca le  atmospheric turbulence i n  maintaining 
t h e  c i r cu la t ion  condi t ions on Earth (Lorenz, 1967) became clear i n  t h e  1950s 
on t h e  bas i s  of processing of a l a r g e  body of  empir ical  materials. 
discovered t h a t  i n  t h e  region of t h e  wester ly  winds t h e  mean angular  momentum 
is  t r ans fe r r ed  along the  gradient  of angular  ve loc i ty  w ,  t h a t  is, from regions 
with lower values  of w to  regions with l a rge r  values  of w .  
was placed on t h i s  s i t u a t i o n  by Starr (see h i s  book a l ready  r e fe r r ed  t o ) ,  who 
termed it "negative viscosi ty ."  

I t  was 

The g r e a t e s t  stress 

I t  has turned out  t h a t  a similar p i c t u r e  i s  also observed on t h e  Sun. Ward 
(1966) (a l so  see S t a r r ,  Gillman, 1968; Starr, 1968) processed data of t h e  
Greenwich Observatory covering a period o f  76 years  on t h e  motion of t h e  sunspots /72 
and on t h e i r  bas i s  ca lcu la ted  t h e  rate of t r a n s f e r  of angular momentum. 
was found t h a t  t h e  angular momentum i s  t r ans fe r r ed  toward t h e  equator  i n  both 
hemispheres, t h a t  is, along gradient  w 

0 -  
i n t ens i ty  t h a t ,  i f  it were suddenly t o  cease, the  solar atmosphere would be  set 
i n  ro t a t ion  as a s o l i d  only for a few revolu t ions  o f  t h e  Sun about its a x i s ,  
t h a t  is, f o r  a f e w  months. 

- 
I t  

This t r a n s f e r  t akes  p lace  a t  such 

One o f  t h e  bas ic  quest ions in  t h e  negat ive v i s c o s i t y  concept is  t h a t  of 
t h e  source from which energy is  drawn by t h e  la rge-sca le  vo r t i ce s  themselves 
which maintain t h e  zonal c i r c u l a t i o n  ( d i f f e r e n t i a l  ro t a t ion ) .  S t a r r  (1968) 
notes  the  theo re t i ca l  p o s s i b i l i t y  t h a t  t h e  energy comes d i r e c t l y  from small-scale  
convection. so-cal led "granulation". However, t h i s  mechanism i s  not  e n t i r e l y  
clear from t h e  physical s tandpoint ,  and it i s  even more d i f f i c u l t  t o  estimate 
its ef fec t iveness  in  quan t i t a t ive  terms. Another p o s s i b i l i t y  r ea l i zed  i n  t h e  
atmospheres o f  t h e  p lane ts  l ies  in  t h e  t r a n s f e r  of po ten t i a l  r a t h e r  than 
k ine t i c  energy followed by i ts  conversion t o  k i n e t i c  energy. 

A s  has already been pointed ou t ,  owing t o  t h e  inf luence  of  t h e  solar sp in  
t h e  mean temperature at  t h e  equipoten t ia l  l eve l s  may be d i f f e r e n t  a t  a l l  
l a t i t u d e s ,  something which should lead t o  t h e  occurrence of  la rge-sca le  motions 
u l t imate ly  t r ans fe r r ing  heat t o  t h e  cooler  l a t i t u d e s .  These circumstances make 
it possible  t o  speak o f  t h e  s i m i l a r i t y  of ce r t a in  fundamental f ea tu re s  of 
atmospheric c i r cu la t ion  on t h e  Sun and t h e  p lane ts .  Hence it is of i n t e r e s t  
t o  attempt t o  apply t o  t h e  Sun our r a t h e r  general considerat ions regarding t h e  
s i m i l a r i t y  of atmospheric c i r cu la t ions ,  which do not r equ i r e  determination 
of  t h e  d e t a i l s  of t h e  p i c tu re  of cu r ren t s  and energy conversions. The author 



has earlier discussed t h e  subjec t  i n  somewhat g rea t e r  detail  than  is t h e  case 
here (see Golitsyn, 1972). 

The p i c tu re  o f  maintenance of s t a t iona ry  c i r c u l a t i o n  on t h e  average on t h e  
Sun may be imagined as follows i n  physicak terms. 
solar atmosphere a f l u x  of energy equal l ing  s p e c i f i c  luminosity q = 6.3*101° 

2 erg/cm *set. 

energy o f  t h e  la rge-sca le  motions. 
t h i s  por t ion  is. 

There is suppl ied t o  t h e  

A c e r t a i n  p a r t  of t h i s  f l u x  is  expended i n  maintaining t h e  k i n e t i c  
One of t h e  ch ie f  aims i s  t o  estimate what 

Other necessary parameters include t h e  r ad ius  of t h e  star, which at t h e  
l eve l  of t h e  photosphere equals  (de Jager ,  1959) 6 . 9 6 0 1 0 ~ ~  cm,  l~ * 0.6, 

K = 5/3, cp 2 3.5-10 cm /sec -K, g * 2.7-104 cmlsec , and w = 2.4.10-6 sec . 
The values  of t h e  s i m i l a r i t y  c r i te r ia  are i n  t h i s  ins tance  t h e  following: 

8 2  2 2 -1 

-4 I! 5-10 , n * 0.14. g w 

We do not know t h e  depth t o  which c i r c u l a t i o n  on t h e  Sun extends,  and so 
w e  cannot estimate t h e  mass of t h e  u n i t  atmosphere column M, and consequently 
t h e  energy s i m i l a r i t y  c r i t e r i o n  IIM. 

d e s i r a b l e  somehow t o  determine t h e  order of wgn i tude  of M. 

We make t h e  assumption t h a t  t h e  c i r c u l a t i o n  affects f a i r l y  g rea t  depths  

On t h e  o the r  hand, it would be highly 

of t h e  solar atmosphere, so t h a t  iI << 1. We thereby adopt t h e  hypothesis 

regarding t h e  s i m i l a r i t y  of c i r c u l a t i o n  r e l a t i v e  t o  t h e  p rec i se  va lue  of t h i s  
c r i t e r i o n ,  and then w i l l  v e r i f y  t h e  v a l i d i t y  of t h i s  assumption on t h e  b a s i s  
of t h e  r e s u l t s  obtained by means of it. 

M 
- /73 

If Ii << 1 and IiM << 1, formula (10.1) may be used for t h e  tot11 k i n e t i c  
8 

energy of  c i r cu la t ion :  

(16.2) 

In t h e  case of  t h e  p lane tary  atmospheres f (I! ) = 1, i f  Il << _ .  For t h e  1 w  lA1 

Sun nu = 0.14, but t h e  s i t u a t i o n  is  r a d i c a l l y  d i f f e r e n t  here.  

o f  t h e  p lane ts ,  motions are caused by t h e  uneven hea t ing  o f  t he  atmospheres by 
an ex terna l  source represented by s o l a r  r ad ia t ion .  
energy i s  an in t e rna l  one and t h e  la rge-sca le  hydrothermodynamic imbalance 
is un ive r sa l ly  acknowledged t o  be caused by t h e  sp in  of  t h e  star (although 
opinions d i f f e r  a s  t o  t h e  s p e c i f i c  mechanisms of  c rea t ion  and occurrence o f  
t h i s  imbalance). Rotation i s  manifested i n  t h e  ex is tence  of  cen t r i fuga l  
forces which determine t h e  d i s t r i b u t i o n  of  matter. Hence it is  t o  be assumed 
t h a t  f o r  t h e  Sun and t h e  stars funct ion f,(n ) a t  small values  o f  

proport ional  t o  n 2  
case of t h e  p lana ts ,  s ince  i n  a f ixed s tar  t h e  d i s t r i b u t i o n  oi sources of  energy 
and a l l  thermodynamic q u a n t i t i e s  w i l l  be c e n t r a l l y  symmetric and la rge-sca le  
motions cannot arise. As a r e s u l t  

In t h e  atmospheres 

On t h e  Sun t h e  source of  

must be 
w 2 t h a t  i s ,  w . The constant term must equal zero,  un l ike  t h e  

w '  
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i n  which a is a constant  probably of t h e  order of uni ty .  
t h e  dense atmosphere o f  Venus it may be assumed t h a t  for t h e  Sun u t i l i z a t i o n  
factor k of formula (5.4) is near  un i ty .  
= 1. Then, (10.1) and (16.3) being taken i n t o  account, formula (16.2) i s  
r ewr i t t en  i n  t h e  form 

By analogy with 

To be  d e f i n i t e  we s h a l l  assume ak1i2 = 

(16.4) 

We mult iply add i t iona l ly  and d iv ide  t h i s  expression by M. Then consider ing 
2 t h a t  4ar M = M 

0 
(6.9) i n t o  account w e  ob ta in  

i s  t h e  mass of t h e  atmosphere a f f ec t ed  by t h e  motions, t ak ing  

(16.5) 

This formula shows t h a t  t h e  r a t i o  of t h e  k i n e t i c  energy of  d i f f e r e n t i a l  
r o t a t i o n  t o  t h e  total  k i n e t i c  energy of t h e  r o t a t i n g  l aye r  equals t h e  va lue  of 
t h e  energy s i m i l a r i t y  cri terion, . 

nM 

Formula (16.4) permits es t imat ion o f  t h e  t o t a l  k i n e t i c  energy o f  c i roi la-  
t i o n  o f  t h e  s o l a r  atmosphere. 
above, w e  f i n d  t h a t  E = l*103b erg .  

Using t h e  values  of  t h e  parameters indicated 

On t h e  o ther  hand, as i n  t h e  case of  J u p i t e r  and Sacurn (see Section IS), /74 - 
t h e  k i n e t i c  energy o f  apparent d i f f e r e n t i a l  r o t a t i o n  may be estimated on t h e  
b a s i s  of observat ional  da t a ,  t h a t  i s ,  on t h e  bas i s  of  formulas (16.1) or (16.1'), 
as - ,  

E - 4+,tf . (16.6) 

i n  which v(9) = rsinb*Aw is  t h e  (continuous) devia t ion  from t h e  speed of r o t a -  
t i o n  of  t h e  polar  regions,  which i n  accordance with (16.1') equals 

8 Inser t ing  these  expressions i n t o  (16. 6 ) ,  we f ind  t h a t  E - 10 M erg.  COm- 

paring t h i s  estimate with t h e  foregoing one, w e  f ind  Mo = 
33 mass of  t h e  Sun i s  M = 2-10 0 

of  t h e  t o t a l  mass of  t h e  Sun takes pa r t  i n  t h e  d i f f e r e n t i a l  r o t a t i o n ,  i f  t h e  
l a t t e r  i s  assumed t o  be uniform i n  depth. Hence, M = M0/4nr2 = Z-105 g/cm?; 
consequently ll i n  accordance w i t h  (6.19),  equals  7 0 1 0 - ~  10 , t h a t  i s ,  t h e  

assumption t h a t  i t s  value is small proves to be co r rec t .  

g. The t o t a l  

g,  t h a t  i s ,  less than a thousandth of a percent 

- 2  
M' 

9 The va le found for M corresponds t o  a pressure of  p = Mg = 5.5.10 

dyne/cm2 = 5,500 atmospheres. 
may a l so  be  estimated. 
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The depth of t h e  atmosphere a f fec ted  by motion 
On t h e  assumption of ad iaba t i c i ty ,  depth z i s  estimated as 



(16.7) 

i n  which y 

pressure a t  t h e  boundary o f  t h e  photosphere, t h e  r ad ia t ion  temperature o f  which 
i s  Te 

t h a t  i s ,  t h e  atmosphere is  i n  motion t o  i! depth on t h e  order  o f  0.1 o f  t h e  solar 
radius .  I f  it is  borne i n  mind t h a t  t h e  i n t e n s i t y  of  d i f f e r e n t i a l  ro t a t ion  may 
weaken with depth (see,  f o r  example, Iroshnihdv, 1969), t h e  depth is  found t o  
be grea t .  This i s  i n  agreement with estimates of  t h e  depth of pene t ra t ion  of 
t h e  convective zone, which, according t o  Kuiper (1953), i s  o f  t h e  order  of 
10-30% of t h e  s o l a r  rad ius .  

= 8 K/km, t h e  ad iaba t i c  temperature grad ien t ;  p * 0.05 a t ,  t h e  a c 

5750 K (de Jager ,  1959). By means of (16.7) we obtain z = 7*104 km, 

Let us  now tu rn  t o  estimates of t h e  o the r  c h a r a c t e r i s t i c s  of general  
c i r cu la t ion .  For t h e  sake o f  de f in i t eness ,  as with Earth and Mars, w e  assume 
t h a t  8/2 = 1. Then t h e  c i r c u l a t i o n  lifetime i s  T r / U  . The mean ve loc i ty  

value,  U = (2E/Mo)’/2, i n  accordance with t h e  es t imates  of  E and Mo obtained 

in  t h e  foregoing, equals  140 m/sec. Hence T = 5.2.10 sec = 60 days. This 

estimate is  i n  agreement with the  r e s u l t s  o f  Ford (1966) c i t e d  a t  t h e  beginning 
o f  t h e  sect ion.  

U 

6 
U 

Once t h e  value of T i s  known, it i s  poss ib le  to  estimate the  mean rate of  U 
d i s s ipa t ion  (generation) of k i n e t i c  energy over t h e  e n t i r e  atmosphere E = E / T  
= 

per uni t  mass. This value app l i e s  t o  la rge-sca le  motions, while E should be 
s u b s t a n t i a l l y  l a rge r  i n  small-scale convection manifested i n  granul-xtion, since 
t h e r e  i s  i n  operat ion t h e r e  another and much more e f f e c t i v e  mechanism of 
conversion of  po ten t i a l  energy t o  k ine t i c :  
atmosphere, t o  wh.ch t h e  energy flow is  supplied from below. 

= / 75 
6 2 3 ’  - erg/5*10 sec = 2*102’ erg/sec.  Hence we have E = E/M = 20 cm /sec 

0 

t h e  v e r t i c a l  i n s t a b i l i t y  of t h e  

Now t h a t  we have an est imate  o f €  and know t h e  t o t a l  energy f l u x  emitted 
by t h e  Sun, Q = 471rZq, w e  es t imate  t h e  value o f  rl, t h e  e f f i c i ency  of t h e  
atmosphere in  converting t h e  t o t a l  power supplied t o  it Q LO t h e  k i n e t i c  
energy of la rge-sca le  motions. 
of  magnitude smaller than fu;- t h e  atmosphere of  Earth. 

For t h e  Sun rl = € / Q  = 5*10-5, a value 2.5 orders  

The hor izonta l  temperature d i f fe rence  responsible  fo r  t h e  general  c i r cu -  
l a t i o n  may be estimated, i n  accordance with formula (5.3) and 6T = rlTl/k. 

According i o  t h e  ad iaba t i c  model, a t  a depth o f  70,000 km T z= 5*105 K .  
k = 0.1-1 we obtain 6T 250-25 K .  As has a l ready been pointed o u t ,  i t  i s  
possible  t h a t  k is near  un i ty ,  so t h a t  t h e  smaller value of  6T appears t o  be 
more probable. Thus in  t h e  i n t e r i o r  o f  t h e  Sun, where t h e  temperature i s  
around one-half  mi l l ion  degrees,  t h e  temperature d i f fe rence  sn  t h e  equipoten: i a I  
sur face  3pparentl.y i s  only a few dozen degrees.  

For 
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I t  should be noted tha t  we do not pred ic t  t h e  s ign  of  6T; hence it i s  
impossible t o  say whether t h e  polar or t h e  equator ia l  regions of t h e  Sun are 
warmer, although t h e  concept o f  somewhat h o t t e r  polar  regions is more under- 
s tandable  from t h e  physical viewpoint. 
edges of t h e  s o l a r  d i s c  a t  t h e  poles and a t  t h e  equator y i e ld  no d e f i n i t e  
answer, demonstrating dispers ion i n  t h e  measured teapera ture  values fo r  var ious 
observations over t h e  range k(10-20)K; t h i s  range is  much l a rge r  than t h e  
measurement e r r o r .  I t  is believed t h a t  t h e  probable cause of  dispers ion o f  t h e  
measurement da t a  is represented by turbulence,  t h a t  i s ,  temperature f luc tua t ions  
are observed which are caused by turbulent  convection. 
note  t h a t  within t h e  limits of  t h e  granule,  t h e  elementary convective ce l l ,  
temperature d i f fe rences  of  t h e  order  of  100 K are observed (de Jager ,  1959). 
Hence pro t rac ted  systematic observations are required i n  order  t o  s i n g l e  out  t he  
constant tcmperature d i f fe rence .  
6T by no mearls need remain constant up t a  t h e  v i s i b l e  surface of  t h e  Sun. 
Experience with t h e  Earth 's  atmosphere shows, f o r  example, t h a t  t h e  temperatures 
along t h e  meridian are l a rge ly  smoothed out a t  a grea t  d i s tance  from t h e  sur face  
of t h e  planet .  

Direct temperature measurements a t  t h e  

In t h i s  context w e  may 

We may a l s o  note  t h a t  temperature d i f f e rence  

I f  a7mg with the  mechanism considered of conversion of  t h e  energy supplied 
t o  t h e  atmosphere t o  k i n e t i c  energy, one associated with the  presence of a 
weak meridional temperature gradient ,  t h e r e  a r e  some o ther  mechanisms in  
operat ion,  t h e  estimate obtained f o r  FT must be reduced ( i f ,  of  course,  our 
es t imate  E 1036 erg  i s  co r rec t ) .  

The magnetic f i e l d s  on t h e  Sun have been disregarded i n  making a l l  t hese  
estimates. 
i n t e rac t ion  it should dece lera te  t h e  motion, and then t h e  value of E obtained 
here  should be regarded as  t h e  maximum est imate .  
depths of  penetrat ion,  e f f ic iency  n, and 6T a r e  a l s o  found t o  be maximum ones. 
The generation o f  loca l  magnetic f i e l d s  a l s o  requi res  t h e  expenditure of energy, 
t h i s  again reducing t h e  in t ens i ty  of  c i r c u l a t i o n ,  t o  say nothing of t h e  loca l  
hydromagnetic in te rac t ions .  The l a t t e r ,  a s  is noted by S t a r r  (1968), a r e  what 
probably represent  the basic  mechanism which i n  t h e  absence of  a so l id  sur face  
i n  the  i n t e r i o r  of  t h e  Sun br ings about t h e  balance o f  t h e  general  momentum 
i n  c i r cu la t ion .  However, it i s  as y e t  d i f f i c u l t  t o  make any quan t i t a t ive  
est imates  of a l l  these  e f f e c t s .  

I f  t h e  Sun has a general  magnetic f i e l d ,  owing t o  t h e  hydromagnetic 
/76  - 

Hence t h e  est imates  of t h e  
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CHAPTER 4 .  BOUNDARY L4YERS AKD TUPBULENCE IN THE 
ATMOSPHERES OF THE PLANETS OF THE ZARTH'S GRWP 

17. Boundary Layers on Mars and Venus - 

In considering t h e  atmospheric dynamics (with t h e  exception of t h e  first 
ha l f  of sec t ion  11) we have up t o  t h i s  point  mt taken t h e  in t e rac t ion  between 
t h e  atmosphere and t h e  underlying sur face  i n t o  account. 
place through t h e  boundary layer ,  i n  which t h e  speed drops sharply t o  zero and 
t h e  temperature s t r i v e s  toward t h e  sur face  temperature. 
momentum, and moment o f  momentum between t h e  atmosphere and t h e  s o l i d  substance 
of t h e  planet  t a k e  p lace  through t h e  boundary layer .  Knowledge of  t h e  v e r t i c a l  
wind p r o f i l e s  i n  t h e  boundary layers  i s  necessary a l s o  for purely p r a c t i c a l  
purposes, t o  accomplish a soft landing on t h e  sur face  of o the r  p lane ts .  We 
s h a l l  restrict considerat ion here  t o  t h e  p l ane t s  neares t  Earth,  Mars and Venus, 
s i n c e  even i f  t h e  l a rge  p lane ts  have a s o l i d  sur face ,  it must be s i t u a t e d  at  
a very grea t  depth.  

This i n t e rac t ion  t akes  

Exchange o f  hea t ,  

The theory of  t h e  boundary layer  o f  t h e  atmosphere has been f a i r l y  f u l l y  
e laborated,  t h e  bas i c  advances made i n  it being due t o  cons is ten t  appl ica t ion  
of considerat ions of  s i m i l a r i t y  and dimensionality.  The contemporary theory 
of t h e  atmospheric boundary layer  or ig ina ted  i n  t h e  work of Obukhov (1946) and 
Monin-Obukhov (1953, 1954). A d e t a i l e d  account of t h e  theory,  together  witn 
a survey of experimental da t a ,  i s  t o  be found i n  t h e  book by Monin and Yaglom 
(1965, Chapter 4 ) ,  as well as i n  t h e  book by Zi l i t inkevich  (1970) devoted 
expressly t o  t h i s  one question. We w i l l  keep p rec i se ly  these works in  mind 
subsequently i n  our b r i e f  presenta t ion  of  t h e  main t h e o r e t i c a l  concepts,  without 
making spec ia l  mention of  t h i s  circumstance i n  each instance.  Under ground 
condi t ions,  both i n  t h e  atmosphere and i n  wind tunnels .  a l a rge  body of 
empir ical  material has been assembled which ccnfirms t h e  conclusions o f  t he  theory.  

Three d i f f e r e n t  component layers ,  t h e  processes i n  which are determined 
by var ious f a c t o r s ,  may be d is t inguished  i n  t h e  boundary layer  o f  t he  atmosphere. 
F i r s t l y  there  i s  t h e  very t h i n  layer  immediately adjacent t o  t h e  sur face  of t h e  
ground, i n  which molecular exchange processes a r e  o f  v i t a l  importance. The 
thickness  of  t h i s  layer  i s  determined by t h e  thickness  o f  t h e  viscous sublayer  
or by t h e  mean height of t h e  sur face  roughness. 
of t h e  exis tence of  t h i s  layer  is t h e  f a c t  t h a t  t he re  may be  appreciable  
temperature d i scon t inu i t i e s  i n  i t .  We s h a l l  l a t e r  r e tu rn  t o  them and consider  
them in  d e t a i l .  

The most important consequence /78 - 

The next layer ,  and t h e  most thoroughly s tudied one, i s  t h e  ground l aye r ,  
i n  which t h e r e  i s  approximate consis tancy of t h e  turbulen t  flows of  momentum 
T = - P U ' W '  and heat. q = c pw'T', i n  which u t ,  w ' ,  and TI are pulsa t ions  of  t h e  

horizontal  and v e r t i c a l  speed and temperature components, and p i s  t h e  dens i ty  
of t h e  atmosphere. Under t e r r e s t r i a l  condi t ions i t s  thickncss  i z  of t h e  order  
cf several  dozen meters. The ch ie f  abrupt va r i a t ions  i n  t h e  v e r t i c a l  wind and 
t e i q e r a t u r e  p r o f i l e s  a r e  observed in  t h i s  layer .  Above it t o  an a l t i t u d e  of 
approximately 1 km in  t h e  Earth 's  atmosphere, t he re  i s  d is t inguished  the  

h P  
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planetary boundary layer, o r  as it is otherwise termed t h e  Ekman l aye r ,  i n  which 
t h e  temperature and wind speed modulus change very l i t t l e  i n  comparison with t h e  
ground layer  but t h e  wind speed vec to r  t u r n s  w i t h  a l t i t u d e  owing t o  va r i a t ion  
i n  t h e  balance among t h e  pressure gradient ,  t h e  Cor io l i s  acce le ra t ion ,  and t h e  
viscous terms (Reynolds s t r e s s e s ) .  

For t h e  Earth 's  atmosphere t h e  bas i c  d i r e c t i o n  of research i s  toward 
obtaining estimates of t h e  turbulent  flows of momentum and heat on t h e  bas i s  of 
d a t a  of measurements of t h e  p r o f i l e s  of mean speed u (z )  and temperature T ( z )  
fo r  t h e  ground layer  or on t h e  b a s i s  of d a t a  on t h e  speed o f  t h e  geostrophic 
wind U 

layer  of t h e  atmosphere". 
a t  least rough estimates o f  t h e  t r a c e  of t h e  mean speed and temperature p r o f i l e s  
i n  t h e i r  boundary layers. 
purpose, possessing above a l l  estimates of t h e  mean wind speeds U obtained i n  
t h e  previous chapter.  

and on t h e  p o t e n t i d  temperature drop 68 f o r  t h e  planetary boundary 
0 

For t h e  o t h e r  p l ane t s  it is  of i n t e r e s r  t o  obtain 

We have t h e  necessary d a t a  a t  our disposal f o r  t h i s  

Let u s  first consider t h e  ground layer.  W.ce mean speed U i s  known, we 
can estimate t h e  dynamic speed, which is a l s o  termed t h e  f r i c t i o n a l  speed, 
U, = m. 
i ts  temperature s t r a t i f i c r t i o n  ( the  first f igu re  r e f e r s  t o  high s t a b i l i t y ,  t h e  
rise i n  po ten t i a l  temperature with a l t i t u d e  usua l ly  observed a t  n igh t ,  and t h e  
second t o  great  i n s t a b i l i t y ,  convection taking place during the  day i n  summer). 
There i s  an obvious upper r e s t r i c t i o n  on t h e  value of t h e  second parameter, 
turbulent  thermal f lux  qt: it may not exceed q ,  t h e  value of t h e  energy f l u x  

per u n i t  surface.  

f o r  Earth. In t h e  case of s t a b l e  s t r a t i f i c a t i o n ,  when t h e  atmosphere i s  warmer 
than t h e  Earth 's  surface,  qt < 0, t h a t  i s ,  t h e  thermal f luxes a re  d i r ec t ed  toward 

t h e  ground, and t h e  modulus of r a t i o  q /q i s  usual ly  several  times smaller o r  

even smaller by an order  of magnitude than during t h e  day. 
of Mars and Venus the re  i s  no reason t o  expect too s u b s t a n t i a l  a departure  from - /79 
the  pa t t e rns  observed i n  t h e  E a r t h ' s  atmosphere. 
t o  make a q u a l i t a t i v e  est imate  of t h e  d i r e c t i o n  i n  which such departures  might 
a c t  on these  p l ane t s .  

In t h e  Earth 's  atmosphere t h e  qilanti ty u,/U e 2-5%, depending on 

Even under conditions of advanced convection r a t i o  q /q  0.1 t 

t 
In t h e  atmospheres 

In add i t ion ,  it i s  possible  

Thus i n  a c e r t a i n  sense we a r e  faced w i t h  a problem opposite t h a t  on 
Earth: having some idea of t he  turbulent  flows of monentum and hea t ,  we must 
estimate t h e  thickness of t he  boundary l aye r  and determine t h e  t r a c e  of t h e  
mean speed and temperature p r o f i l e s .  

"The po ten t i a l  temperature i s  r e l a t e d  t o  t h e  ordinary temperature by t h e  
I f  t h e  entropy o f  t he  atmosphere were r e l a t i o n  dO(z)/dz = dT(z)/dz 

consiant ,  t h i s  corresponding t o  ad iaba t i c  mixing of t h e  atmosphere, when dT/dz = 

. 
+ 'a 

- - -  t he  po ten t i a l  temperature would remain a constant value. 'a , 
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According t o  t h e  general  theory t h e  s t r u c t u r e  of  turbulence and t h e  trace 

q' = q /c p ,  t h e  normalized turbulen t  heat f l ux ;  
of t h e  mean p r o f i l e s  i n  t h e  temperature r t r a t i f i e d  ground layer  are def ined 
by t h e  following parameters: 

t P  
u, = w, t h e  dynamic ve loc i ty ;  and buoyancy parameter gB, where g i s  t h e  
acce lera t ion  of g rav i ty  and 13 i s  t h e  d i l a t i o n ,  which f o r  an i d e a l  gas equals  

To , where T is t h e  c h a r a c t e r i s t i c  temperature o f  t h e  m e d i u m .  -1 From these  
n 

parameters we can construct  length scale 
L z z  - 2 

which is usua l ly  termed t h e  Monin-Obukhov scale, and temperature scale 

(17.1) 

(17.2) 

i n  which K is  t h e  Karman constant .  
po ten t i a l  temperature a r e  universa l  funct ions of  dimensionless a l t i t u d e  5 = z/L: 

The v e r t i c a l  p r o f i l e s  of t h e  mean speed and 

(17.3) 

(17.4) 

i n  which z i s  t h e  sur face  roughness he ight ,  and 0 i s  t h e  po ten t i a l  temperature 

value at t h e  leve l  z = t For universa l  funct ions f 
0 0 

and f g  we have t h e  0' U 
following expressions obtained from t h e  considerat ions of  s i m i l a r i t y  and 
dimensionality:  

(17.5) 

According t o  t h e  thorough s t a t i s t i c a l  treatment of  t h e  extensive empirical  
mater ia l  made by Z i l i t i nkev ich  and Chalikov (1968) (a l so  see Z i l i t i nkev ich ,  
1970): K = 0.43; B 9.9; 8 '  = 1.45; 5 -0.16; a - 0.24; and C - 1.25. 

1 
Formulas (17.3)-(17.5) a r e  v a l i d  for t h e  ground layer ,  i n  which t h e  

va r i a t ion  i n  turbulen t  f luxes  r and q with a l t i t u d e  may be disregarded. Pre- 

c i s e l y  from t h i s  viewpoint do Monin and Obukhov (1954) give t h e  following 
est imate  of t h e  ground layer  thickness:  

- /80 

t 

(17.6) 

2 2 
u,(0) - u*W) 

is t h e  r e l a t i v e  va r i a t ion  i n  f r i c t i o n a l  stress T, I 2 i n  which a = 

i s  t h e  Cor io l i s  parameter, and U is t h e  geostrophic wind speed, t h a t  i s ,  t h e  

wind speed i n  t h e  free atmosphere. 
M when a = 20% and u,/U = 5%. 
value of a ,  s ince  t h e  Cor io l i s  paramcter has v i r t u a l l y  t h e  same vaiue bvt t h c  

u,. (0) 

g 
For t h e  Ear th ' s  atmosphere we obta in  H = 52 

For Mars we obtain H 100-150 M a t  t h e  same 
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mean wind speeds a r e  2-3 times higher than those on Earth. 
Venus and f o r  t h e  equa to r i a l  regions of Earth and Mars, where C o r i o l i s  parameter 
2 = 2wsin9 i s  small, we may adopt t h e  a l t i t u d e  a: which t h e  wind speed i s  com- 
parable t o  t h e  speed i n  t h e  free atmosphere as t h e  thicknsss  of t h e  ground 
l aye r ,  o r  more p rec i se ly  t h e  boundary layer .  
thickness usua l ly  i s  of t h e  order  of several  u n i t s  on t h e  Monin-Obukhov sca l e .  

For slowly r o t a t i n g  

A s  we s h a l l  see l a t e r ,  t h i s  

Let us consider b r i e f l y  t h e  planetary boundary layer, which may be dz t e r -  
mined f o r  Earth and Mars. The ac t ion  of t h e  Cor io l i s  fo rce  i s  subs t an t i a l  
i n  t h i s  c2se. The thickness  of t h i s  l aye r  may be defined a s  

t ,  = xo* (17.7) 

The turning 

I '  

For Earth L, * 1 km, while f o r  Mars it i s  2-3 times as  g rea t .  

angle of t h e  wind with a l t i t u d e  depends on dimensionless s t r a t i f i c a t i o n  parameter 

1.1 = LJL = K f3T,/Zu,. Under t e r r e s t r i a l  conditions t h e  t o t a l  turning angle 
o f  t h e  wind with a l t i t u d e  is  of t h e  order of several  degrees i n  t h e  case of 
convection and reaches approximately 40' a t  high s t a b i l i t y .  
a r e  t o  be an t i c ipa t ed  f o r  Mars as well. 

3 

Similar f i gu res  

Let us r e tu rn  t o  t h e  ground layer .  Formclas (17.3) and ( 1 7 . 4 ) ,  with (17.5) 
taken i n t o  a c c o m t ,  include a parameter unknown f o r  t h e  other p l ane t s ,  t h e  
height of t h e  dynamic surface roughness of t h e  p l ane t ,  z Fortunately,  it is 

included a s  a logarithm, and so even an approximate est imate  of i t s  order  of 
magriitude i s  s u f f j c i e n t  f o r  our purposes. According t o  Table 1.1 i n  t h e  book 
by Z i l i t i nkev ich  (1970), under t e r r e s t r i a l  conditions on t h e  average zo  zz 

land, zo  

t h e  f a c t  t h a t  t h e  surfaces  of Mars and Venus resemble a dese r t  more than anything 
and t h a t  t h e  surface of Mars may be f a i r l y  uneven, we s h a l l  adopt zo  * 1 cm, 

although values an order  of  magnitude smaller  a r e  a l s o  probable, 

0' 

1 for 

0.01-0.1 cm f o r  d e s e r t s ,  and even z * 1 M f o r  f o r e s t s .  In view of 
0 

Once t h e  speed and temperature p r o f i l e s  a r e  known, i t  it possible  t o  deter-  
mine t h e  parameter of local  hydrostat ic  s t a b i l i t y  of t h e  atmosphere: 
Richardson number, t he  r a t i o  of t he  convective and dynamic f a c t o r s  
generation of turbulence 

t h e  
. t h e  - /81 

i n  which universal  function ~ ( z )  i s  defined as 

(17.8) 

(17.9) 

I t  i s  assumed i n  t h i s  instance t h a t  t he  turbulent  exchange c o e f f i c i e n t s  f o r  
introduced i n  accordance w i t h  t h e  equations momentuni K and heat K t 
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are t h e  same. 
s t a b i l i t y ,  and Lhen f a c t o r  a = K /K, t h e  inverse  turbulen t  Prandtl  number, which 

becomes less than un i ty  f o r  t h e  c a w  of s t a b i l i t y ,  i s  t o  be in se r t ed  i n  t h e  
denominator of  t h e  righthand member of  equation (17.8). For high s t a b i l i t y  t h i s  
f a c t o r  i s  l a rge r  than uni ty ,  f a i r l y  r ap id ly  approaching 3 o r  even 4 
(Zi l i t inkevich ,  1970). The universa l  funct ions f o r  ve loc i ty  and temperature w i l l  
a l s o  d i f f e r  by t h e  amowit of  t h i s  f a c t o r  (fu = a f g ) .  

e f f e c t  i n t o  account here  because of  t h e  great  indef in i teness  of  a number of o ther  
f ac to r s  and t h e  approximate na ture  o f  our es t imates .  

\Ye may note  t h a t  t h i s  i s  known not t o  be t h e  case  f o r  high 

t 

We w i l l  not take t h i s  

The coe f f i c i en t  of turbulen t  mixing K = Ku,LRi i n  t h e  ground layer  i s  
expressed by t h e  following formulas : 

(17.10) K =  xu,z, I L 13 00, 

(17.11) 

(17.12) 

The first of these  equations appl ies  t o  neu t r a l  s t r a t i f i c a t i o n  observed 
during t h e  morning and evening hours,  when t h e  temperature p r o f i l e  i s  near t h e  
ad iaba t ic ,  lq,l -t 0, and t h e  forces  o f  buoyancy are i n s i g n i f i c a n t ,  t h e  second 
equation t o  condi t ions o f  s t a b i l i t y  and s l i g h t  i n s t a b i l i t y ,  and t h e  t h i r d  tn 
convect ion. 

In Table 8 t h e r e  a r e  given f o r  Mars, Venus, and Earth ( fo r  purposes of 
comparison) t h e  values  of  buoyancy parameter gf3, dynamic ve loc i ty  u, (which 
equals 3% of t h e  aean wind speed over t h e  atmosphere), t h e  normalized 
turbulen t  thermal f l u x  

t h e  corresponding va?iies of temperature s c a l e  T, and t h e  Moni3-Obul;hov length 
L. 

fo r  f r e e  convection c m d i t i o n s  (q , /q  = O . l ) ,  and 

For Mars the  condi t ions adopted were those a t  t h e  equator during t h e  
period of s o l s t i c e ,  as ca lcu la ted  by Leovy and Mintz (1969), where U = 20 m/sec. 
These condi t ions a r e  t h e  maximum ones as regards t h e  value of  t h e  f l u x  of  
s o l a r  heat a r r i v i n g  a t  t h e  surface.  
on t h e  p lane t ,  g rea t  va r i a t ion  is ais0 t o  be expected i n  t h e  valaes  of dynamic 
ve loc i ty  u t ,  and accordingly i n  values  T, and I L (  as well .  

Owing t o  t h e  wide va r i a t ion  i n  wind speeds /82  - 

The da ta  of Table 8 show t h a t  t h e  bas ic  parameters determining t h e  s t r u c t u r e  
of t h e  ground l aye r ,  t h e  dynamic ve loc i ty  and e spec ia l ly  temperature s c a l e  T, 
vary substan,;ally f o r  a l l  3 plane ts  because of t h e  great  d i f f e rence  i n  t h e  
basic  atmospheric parameters .mi above a l l  i n  dens i ty .  Hence t h e  ground layer  
on each planet  must have d i s t i m t  f ea tu res  o f  i t s  own, and we s h a l l  now proceed 
t o  consider  them. 
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TABLE 

Mars - 

8. GROUND LAYER PARAMETERS FOR CONVECTION CONDITIONS. 

Mars 1.7 I 
Venus I .L' 

Earth 
.- - 
Comas ind ica t e  decimal po in ts .  

The dynamic and e spec ia l ly  t h e  thermal s t r u c t u r e  of t h e  lower pa r t  of t h e  
Martian atmosphere has been examined i n  f a i r l y  grea t  d e t a i l  by Gierasch and 
Goody (1968). They have perforaed numerical ca l cu la t ions  o f  t h e  v e r t i c a l  
temperature p r o f i l e s  and convection condi t ions f o r  a model of  t h e  atmosp1.- re 
with p = 5 mb, For d i f f e r e n t  l a t i t u d e s ,  seasons,  and times of  t h e  day. An 

estimate of t h e  mean wind speed of U = 40 m/s?c was obtained with t h e  formula 
derived by them, which e s s e n t i a l l y  coincides  with t h e  thermal wind formula. 
However, t h e  v e r t i c a l  mean wifid p r o f i l e s  could not be found i n  t h e  model cor-  
s idered by them, and t h e  authors cor,i'ined themselves t o  making a very rough 
est imate  of t h e  Richndson numbers f o r  var ious condi t ions.  
t h e i r  numerical es t imate  of  quant i ty  q 

order  as ours  (qt = 0.1 q ) .  

temperature ? r o f i l e s  (17.5) nay be adopted up t o  values  5 = -0.16, t h a t  i - ,  

a t  L = -20  M up t o  an a l t i t u d e  of  3 . 2  and above t h e  sur face  of  t h e  p lane t .  
t h i s  ins tance  {z = 1 cm) 

S 

We may note  t h a t  
a t  noon on t h e  equator is  of t h e  same t 

Under convection condi t ions t h e  "logarithmic plus  l i n e a r  law" f o r  wind and 

i 
In 

0 
11 ( z )  2,3 I In (ICKk) - 61. 

6(:) = T ( z )  r,, , Id(ln(I0Uz) + I ,  
i n  which u(z)  i s  expressed i n  m/sec and z i n  meters. 
u = 13 m/sec, and AT = T(0) - ' f ( 3 . 2 )  a 70 K. Thus over a layer  of t h e  atmosphere 
only 3 m deep t h e  ve loc i ty  reaches almost one-half of  i t s  va lue  typ ica l  of  t h e  
free atmosphere, and t h e  tecpera ture  d i scon t inu i ty  ( in  t h i s  instance t h e  
d i f f e rence  between usual temperature T and po ten t i a l  tempereture 8 = T + y,z, 

i n  which f o r  Mars ya a 5 K/km plays no r o l e  whatever) reaches 70 K.  

v a r i a t ions ,  although smaller  ones, i n  temperature during t h e  day i n  t h e  lowest 
layer  o f  t h 2  atmosphere havs been found by Gierasch and Goody (1968). We may 
note th2.t they were unable t o  ob ta in  s w h  abrupt va r i a t ions  a s  i n  our case,  
s ince  they assumed t h e  v e r t i c a l  s t e p  i n  numerical ca l cu la t ion  t o  equal 100 m. 

A t  an a l t i t u d e  of 3 . 2  m 

- / 83  

Abrupt 

The p o s s i b i l i t y  of exis tence of abrupt temperature v a r i a t i o n s  was a l s o  
pointed out by Gifford as e a r l y  as 1956 ( a l so  see Moroz, 1967, Sections 2 ,  4 ) ,  
who c i t e d  t h e  example of  temperature measurements i n  summer a t  noon i n  t h e  
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Gobi Descrt 
t h e  surface of t n e  ground and t h e  a i r  a t  a height of 2 m reaches 20 K .  
t h e  inequal i ty  of heat and momentum exchange comes i n t o  play i n  t h e  case of 
g e a t  i n s t a b i l i t y :  
(when z / L  2)  toward 3, t h i s  accordingly reducing t h e  abruptness of temperature 
va r i a t ions .  The increase i n  a takes  place f a i r l y  r ap id ly ,  and even a t  5 = -0 .2 ,  
t ha t  i s ,  where In our case z @ 3m,  a * 2, and then t h e  temperature d i scon t inu i ty  
w i l l  be 35 K r a t h e r  than 70 K .  For a l t i t u d e s  g rea t e r  than 3 F, i t  is  necessary 
t o  use t h e  last of fomulas  (17.5), which descr ibes  3 convection conditions.  
In t h i s  instance ';he illean speed asymptotically approaches i t s  maximum wind 

5 ,  t h a t  is ,  z = 1 O C  m ,  t h e  speed 
reaches approximately 90% o f  i t s  value When p t  l s l  5 -t m. The coLi f i c i en t  of turbulerit 
speed value i n  the  f r e e  atmosphere. 

exchange increases  r ap id ly  with a l t i t u d e .  

cm /see i n  accordance w i t h  (17.12), a value which may be contrasted w i t n  t he  

estimate by Gierasch and Goody (1968), K = l o 8  cm2/sec, fo r  the lower kilometer 
layer  obtained numerically under t h e  same conditions of equator ia l  noon, s ince 
K - z4'3 and 1o4I3 

According t o  these  measurements, t h e  tempwature d i f f e renca  t etween 
However, 

t h e  inverse turbulent  Prandtl  number u i n  t h i s  instance tends 

For t = 100 m ,  we obtbi I K = 4 0 1 0 ~  
2 

20. 

In t h e  case of :,table s t r a t i f i c a t i o n  (nighttime) we adopt L = 150 m ,  T, = 
= 2 K .  
arid t h e  tcrnperature drop w i l l  i n  t h i s  i n  ' ,rice be of t h e  order  of 40 K .  
c o e f f i c i e n t  of turbulent  exchange K calculated from (17.11) w i l l  be of t h e  
o;.der df 40 K. Coefficient of turbulent  exchange K calculated with (17.11) w i l l  
be of t h e  order of l o 5  cm2/sec. According t o  Gierasch and Goody (19681, t h e  
e f f e c t s  of r ad ia t ion  a t t en tua t ion  of temperature f luctuat 'ons  should be e s s e n t i a l  
i n  establishment of t he  temperature conditions a t  t h i s  value of K (see Gooiy, 
1964; Golitsyn, 1963, 1964). This should lead t o  decrease i n  q; and T* ,  t h a t  i s ,  
t o  increase i n  L and thus  t o  decrease i n  t h e  temperature drop f a r  t h e  assigned 
a l t i t u l e  range. 

Then a spzed of 20 m/sec w i l l  be reacned at  an a l t i t u d e  of around 120 m ,  
The 

The Cor io l i s  force must be taken i n t a  accolint aoove t h e  100 m l e v e l ,  t h a t  
i s ,  t h e  planetary boundary layer  r e fe r r ed  t c  e a r l i e r  has i t s  beginning here. 

Let '1s consider yet another question r e l a t i n g  t o  t h e  temperature discont in-  
i t y  i n  t h e  molecular sublayer d i r e c t l y  adjoining t h e  surface i t s e l f .  
question has been invest igated i n  f a i r l y  great  d e t a i l  i n  engineerir g ,  but 

importance i n  neteorology. 
t h i s  d i scon t inu i ty  should be a filnction of t h e  Reynolds numb\.r. 
t h e  empirical d a t a  presented i n  h i s  book, t h e  value of t h i s  d i scon t inu i ty  a t  
a Prandtl number of t he  order of un i ty  may be described by :he formula 

This 

apparently Z i l i t i nkev ich  (1970) was t h e  f i r s t  t o  :all a t t e n t i o n  t o  i t s  - 184 
The considerations of  s i m i l a r i t y  establ'shet'  t h a t  

kccording t o  

i n  which Reo = 30 u z / v  is  t h e  Rcynolds number f o r  t h i s  sTib1ayer. 

r a r e f i ed  atmosphere of Mars v ss 10 cm /see,  aitd i f  zo = 1 cm, then Ir.e 

Then accnrding t o  (17.13) the  temperature d i s c o n t i m i t y  Toon on t h e  :quator 
equals 30 K. 

For t i i ?  

2 * o  
= 3Ob. 0 

I f  zo  = 0.1 cm, then 68 = 10 K .  Hence, wt,. a t  noon on \ h e  
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- 
equatoi rhe  sur face  temperature reaches v a h e s  of T = d2Te = 310 K ,  at an 
a l t i t u d e  of 3 m it may be many dozen degrees lower. 

A l l  t h i s  demonstrates t h a t  t h e  micrometeorology of t h e  equator ia l  regions 
must be highly unusual. 
hemisphere, t h e  values o f  q 

appreciably smaller and t h e  temperature va r i a t ions  should not be so abrupt.  

In t h e  t.rperate l a t i t u d e s ,  e spec ia l ly  i n  t h e  winter 
and consequently of T, as well, should be 

t '  

Venus 

The values given in  Table 7 for t h e  boundary l aye r  parameter. qi, T,, and 

L f o r  t h e  atmosphere o f  Venus should be regarued as l imi t ing  values,  T, being 
a maximum and I. a minimum, s ince  they were calculated on t h e  assumption t h a t  
t h e  e n t i r e  'lux of S i r ec t  s o l a r  r ad ia t ion  q reaches t h e  surface of t h e  p lane t .  
In t h i s  instance T, - yq,  and L - (Lq)-l, i n  which y i s  t h e  port ion of t h e  
rad ia t ion  f lux  reacning t h e  surface. 
of y is  ma l l ,  thcn L + Q), ti-.' .:orresponding to  purely neu t r a l  s t r a t i f i c a t i o n ,  
t h a t  is ,  t h e  ve loc i ty  profi: . be logari-thmic, and t h e  po ten t i a l  temperature 
constant with a l t i t u d e ,  s ince  ,* ..- 0, t h a t  is, T ( z )  = T 

k'e note immediately t h a t  i f  t h e  value 

- fat .  0 

Let us  f irst  estimate t h e  a l t i t u d e  a+ which t h e  speed ca l cu la t ed  from t h e  
formula u(z) = (u,/l:;Lnjz/z ) is comparable t o  t h e  mean speed o f  5 m/sec. This 

a l t i t u d e  i s  estimated 01 t h e  bas i s  of t h e  formbla z = t exp[Ku/u,). 

obtain an a l t i t u d e  o f  around 1 km when t 

corresponding t o  n w t r a l  s t r a t i f i c a t i o n ) .  Ilouever, t h i s  estimate is  highly 
sens i t i ve  hot!i t o  t he  value of z and e spec ia l ly  t o  u,, and so it should be 

regarded expressly as an estimate of  t h e  order of  magnitude. 

0 
Hence we 

0 
= 1 cm and u,/U = 0.03 (a f i g u r e  0 

0 

Let us consider th2 l imi t ing  cjse t o  which t h e  values of u,, T,, and - L  
given i n  'Table 7 correspond. 
t he  speed w i l l  reach i t s  l imi t ing  value i n  t h e  free atmosphere at Irl == 5, 
t h a t  i s ,  z sz 3.5 km. 
ad iaba t ic  p r o f i l e  does not exceed l o ,  owing t o  t h e  small value o f  T*. 
departures should be even smaller at  n ight .  

I f  -L = 900 m, then under convection conditions 

However, t h e  departure  c c  t h e  temperature from t h e  
Such 

'Th; coe f f i c i en t  of v e r t i c a l  turbulent  exchange a t  an a l t i t t d e  of 1 km w i l l  
5 2  be K % KU,, 5-10 cm /sec.  

/ 85 - 18. 'Turbulence i n  the  Free Atmosphere 

Quantity t, t he  :ate O F  d i s s ipa t ion  of k i n e t i c  eilergy, se rves  as t h e  basic 

In t h r  :do preceding chapters Zeveral f o m u l a s  were proposed 
c h a r a c t e r i s t i c  of turbuler -, and s p e c i f i c a l l y  
turbulent mixing. 
and estimates were give:1 ,- E,  so t o  speak, on the  global s c a l e ,  on t h z  average 
f o r  the  e n t i r e  atmosphere. 
d i s s ipa t ion  is  d i s t r ibu ted  very unevc i y  i n  a l t i t u d z :  

f f l uc tua t ions  i n  speed and 

' t h e  example of Ear th ' s  atmosphere shows t h a t  
t h e  lower kilometer 
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boundary layer,  according to  contemporary estimates (Zili t inkevich, 1970; 
Lorenz, 1%7) rccourts far one-half to two-thirds of all dissipation. 
t h e  bomdary layer,  especial ly  i n  t h e  lower part of it, t h e  g r o a  layer,  t h e  
value of E nay be subs tan t ia l ly  larger ,  but i n  t h e  bulk of the atmsplrtn 
appreciably smaller than the value of our glob81 estiurte of E. 
variat ion i n  quant i ty  E as a function of s t r a t i f i c a t i o n  and a l t i t u d e  has been 

- described, for exasple, i n  t h e  book by h i n  and Yaglol (l%S, Chapter 4). 
Ye r r y  note that i n  the case of highly unstable stratific8tionD E is constant 
with altitude i n  the  convection layer, d decreases with altitude as t - l  i n  
t h e  case of stratification near t h e  neut ra l  and stable s t r a t i f i c a t i o n .  
siilce such brrsic charoc ter i s t ics  of turbulence as t h e  root .#n square difference 
i n  speed f luctuat ions at two points and t he  coelficient of turbulent mixing 
arc proportianrl t o  
of E should not play a very s igni f icant  port. 

Hence i n  

The nature of 

Howcver, 

i n  t h e  first approximation t h e  v e r t i c a l  d i s t r ibu t ion  

2 3  For Earth c = 4 cm /sec , for Mus, according t o  Leovy and Uintz (1969), 
2 

c = 10-20 cm /sec3, and for Venus, according to t h e  forulas  i n  Section 8 ,  

E * cm /sec3. 
on t h e  average 1.S times more intensive than on Earth, but on Venus are an 
order of magnitude smaller. 

2 Hence on Nars t he  speed f luctuat ions and t h e  mixing are 

Also of prac t ica l  i n t e re s t  are estimates of t h e  terperature f luctuat ions 
i n  the  atmospheres of the  planets,  s ince  these f luctuat ions cause f luc tua t ions  
i n  the  radiowave re f rac t ion  index. 
atrosphere of a planet w i l l  undergo f luctuat ions i n  amplitude and phase. 

Thus a radio signal passing through t h e  

To deternine t h e  in tens i ty  of temperature f luctuat ions,  Obukhov (1949a) 
introduced the  mean rate of smoothing of the  temperature f i e l d  heterogeneity N, 
defined as 

(18.1) 

on the  analogy of t he  RLyleigh def in i t io?  of d i ss ipa t ion  rate E (see tandau, 
Lifshi ts ,  1954). 
dissipat ion Fbr slowly ro ta t ing  planets  K 0.1 Ur and aT/axi &T/r. Thus 
the  value of N may be estimated by means of the  fornulas of Section 8. 

Hence quantity N is of ten  termed simply t’\e temperature 

The in tens i tv  of  the  temperature f luctuat ions is determined by s t ruc tu ra l  
constant c2 introduced by the  equation t’ 

-- 
(A, T)L’ C;*a ‘ 8 ,  

(18.2) 

i n  which Dt(a) is tile s t ruc tura l  function of temperature, t ha t  is ,  the  root 

mean squhre tmpera ture  difference f c -  two points separated by dis tance a;  C2 * 
3 (see Monin, Yagolorn, 1967, Section 23). Once N and E a re  known, it is 

2 possible t o  deternine C,. 

- /86 
2 
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Refraction index n for In - 11 << 1 is of the foxa n = 1 + B1p/T. in which 
el is a constant deterrind by the cumposition. 
for C02 

6n = -B1p6T/'?, since the pressure fluctuations are insignificant (see 

Tatarskiy, 1967). 
(18.2), the analogous form-a will be colnci:t for the refraction index fluctua- 
tions as well. 
Cn MY also be estimated by mans of the external parueters (Golitzyn. 197Ob). 
In this instance an estimate correct in order of magnitude is obtained for 
Earth's atlosphere. 
Curvich (1971). to apply similar considerations to estimation of the fluctuations 
in the amplitude of the signal from Mariner-5 of the wavelength of 13 em which 
passed through the atmosphere of Venus, as it emerged from behind the disc of 
the planet. Calculations yielded a value for the f1uctuatior.s in the signal 
level of the order observed in measurements. Similar values of fluctuation 
intensity were also observed on the occultation of Mariner-5 (Kliore et al., 
1967), as has been demonstrated by Gurvich (1969). 

For air B1 = 0.08 K/st, and 
Fluctuations in the refmetion index are defined as = 0.13 Vat. 

If the teeperatme fluctuations are described by forula 

For this reason the corresponding structural characteristic 
2 

This loved the author, uorking in collaboration with 

19. Dust Storms on Mius 

When in November 1971 lrfirs was approached by the unmanned space stations 
Mariner-9 and then by Mars-2 and Uars-3, it was found that the entire planet 
was covered by an unbroken cloud of dust thraugh which only a few of the 
highest mountains and craters could be indistinctly seen. 
we have already presented photographs of individual regions of the planet taken 
during the dust storm. 

In Figures 3 and 4 

Everyone naturally associates the stom with winds, and so it is the duty 
of meteorologists and specialists in atmospheric physics to answer the question 
of what such a dust stom is, how it may be generated and what fosters or 
impedes it, as well as how it develops and why it ultimately dies out. 

. is an unusually complex phenomenon, and elaboration of a theory of the dust 
storms will take many years. 
atmosphere, in this concluding section of the book a brief survey will be 
presented of the results of observations of the dust storms on Mars dnd certaii? 
qualitative considerations will be advanced (see Golitsyn, 1973) regarding the 
probable mechanism of generation, development, an! fading of these stomas. 
considerations are in many respects based on material already presented in this 
book (see; for example, Sections 13, 17, and 18), this serving as additional 
justification for discuss'on of this matter. 

This 

To attract the attention of investigators of the 

These 

A description of the development of the 1971 dust stom on the basis of /87 - 
the data of ground as+ ...... Jmic observations of Mazs has been made by Capen and 
Martin (1972), and OR + !  t basis o l  the data of Mariner-9 by Leovy et al. 
also see the popular science article by the author, "Dust Storm; on Mars,I' in 
the collection Chelovek i S t i l  hiya (Man and Elements) (Cidrometeoitdat, 1973). 

(1972); 

L- 
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Dust s t o m  of high in t ens i ty  on brs  are known only for t h e  tires of 
great oppositions, when Wars is subjected to  intensive observations a d  t h e  
storms harper such observations. It is knoun (Classtone, 1968) that during 
t h e  great oppositions Mars is near perihelion, and at t h i s  tile it is *e d 
of spring pnd beginning of sLlltr i n  its southern hemisphere. The ins9 la t ion  

- is at its maximm i n  t h i s  instance, being 20s higher than t h e  average owing to  
the elongation of t h e  o rb i t .  
1968) advanced t h e  idea thh t ,  although t h e  yellow clouds presumably cons is t ing  
of dust particles are a l s o  encountered at o ther  tiles, t h e  most intensive 
clouds ust develop during t h e  pe r ihe l i a l  oppositions. 

long ago as 1909, btoniadi (sm Gl.ssto=, 

Data on t h e  yellwr clouds observed on Uars have been userbled by Gifford 
(1964). 
been observed during t h e  major oppositions of 1892, 1924. and 19%. 
add 1971 t o  t h i s  list. 

They indicate  t h a t  t h e  most intensive ones have as a natter of fact 
We may 

Hovever, not every major opposition is accompanied by storms. Thus 
Gifford's list does not include clouds o r  t h e  oppositions of 1909 and 1939, 
although large clouds w e r e  observed for t h e  oppositions of 1907 
when Mars was not too  far f o r  its perihelion. 

1911, and 1941, 

Consecutive major oppositions of Mars are separated by a period of 15 o r  
Over t h i s  period Mars is near i ts  perihelion another 7 o r  8 tires. 17 years. 

However, at t h i s  time Wars e i t h e r  is too far from Earth o r  is i n  t h e  daytime 
sky, t ha t  is, astronomical observa-ion of it is impossible. 
association of t h e  storms with t h t  major oppositions is t h e  r e s u l t  of sampling 
the observations. 

Hence t h e  

Thus it appears t ha t  t h e  presence of Mars i n  t h e  v i c i n i t y  of perihelion 
is a nxessar ;  but far from su f f i c i en t  condition for t h e  or ig ina t ion  and 
development of a storm. The varying duration, i n t ens i ty ,  and space scale of 
t h e  d i f f e ren t  storms indicate  t h e  importance of local  and general meteorologi- 
cal conditions i n  t h e  Martian atmosphere during t h e  or ig ina t ion  and develop- 
ment cf a storm. 
entire planet indicates t ha t  there are cert- In feedback mechanisms favoring 
global d i s t r ibu t ion  of t h e  dust as soon as the  dust cloud has assumed a 
s u f f i c i e n t l y  large s ize .  
and are well aware t h a t  t h e  s t ruc tu re  of t h e  Martian winds must be highly 
d ive r s i f i ed  owing t o  t h e  complexity of t he  topography, and t h a t  description 
o f  t h e  global dust  storm - t e r r e s t r i a l  meteorology has no knowledge of similar 
problems - requires allowance for  too many factors ,  including ones as yet 
unknown or  poorly understood and l i t t l e  studied, and the complex and often 
very obscure interact ion of such factors .  
must obviously he given t o  t h e  questions of elevation of t h e  dust  i n to  t h e  
atrao;phere and t h e  wind s t ruc tu re  i n  t h e  surface layer of the  atmosphere, t he  
spread of t he  dust i n  the atmosphere, absorption of so l a r  rad ia t ion  by t h e  
dust and r e su l t i ng  modification of the temperature conditions i n  the  atmosphere, 
something i n  turn leading t o  change i n  t he  wind, and so for th .  
seem t h a t  i n  t h i s  d i f f i c u l t  s i t ua t ion  even simple qua l i t a t ive  considera' 'ons 
regarding the individual stages of a storm might be of some use. 

However, t h e  fact t h a t  t h e  storms often cover v i r t u a l l y  t h e  

Unfortunately, we as y e t  know too  l i t t l e  about Mars 

- /88 
Among these f ac to r s  consideration 

Thus it would 
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Let us  dea l  first of all  with t h e  questions of blowing of t h e  dus t  from 
t h e  surface md its elevation in to  t h e  air. 
mechanisms of t h i s  process are known (they are discussed for Martian condi t ions ,  
for example, i n  t h e  works of Gifford (lW), Sagan, and Pollack (1%9), and 
!hganD Veverka, and Gieru& (1971)). ?he first redranism is the saltation 
s tudied  by Bagnold (1941). A t  a certain w i n d  stress T depending on t h e  wind 
speed and its vertical gradien t ,  particles of a certain size a begin t o  be 
set i n  rotion: 
transported by t h e  w i n d ,  but then fall  under t h e  action of gravi ty .  

Tim q u a l i t a t i v e l y  d i f f e r e n t  

they  are lifted i n t o  t h e  a i r  to  a certain height  and are 

The fall of t h e  particles is descr ibed by t h e  Stokes-Cunningham equation, 
which allows for t h e  f i n i t e  na tu re  of t h e  ratio of t h e  mean free path  to 
particle s i z e  (it has been used for Martian condi t ions by Anderson, 1967). 

Calcu la t ion  of t h e  dependence of t h e  r ad ius  of lifted p a r t i c l e s  on 
frictional stress T, or more prec i se ly  on f r i c t i o n a l  v e l o c i t y  u, = 
been performed by Sagan and Pol lack (1969) for pressures of S and 15 mb on 
,he su r face  of krs. 
p a r t i c l e s  of a rad ius  of  around 200 p begin t o  rise. 
not listed, s ince  they  are e n t i r e l y  imbedded i n  t h e  viscous sublayer ,  t h e  
th ickness  of which is p/u, (see Landau, L i f s h i t s ,  1954; b n i n ,  Yaglom, 1%S), 
and are not a f f ec t ed  by t h e  turbulen t  f r i c t i o n a l  stress; t h e  flow &annot l i f t  
l a r g e  heavy particles, s i n c e  t h e  l i f t i n g  power is proportional t o  t h e  su r face  
of t h e  particle, and t h e  force of g rav i ty  is proport ional  t o  t h e i r  volume. 
Larger and smaller p a r t i c l e s  are l i f t e d  a t  values  of u, g r e a t e r  than t h e  
threshold value. 
are l i f t e d .  
and at p = 15 mb it i s  s l i g h t l y  less than 2 m/:?:. 

, has 

A t  ps = 5 pb, when t h e  threshold value is u, = 4 r/sec, 
Smaller Frticles are 

Thus at u, = 6 Wsec particles of a rad ius  of 50 t o  1000 p 
With increase  i n  pressure  t h e  threshc ld  value of u, decreases ,  

S 

Rela t ive ly  la rge  p a r t i c l e s  i n  f a l l i n g  to Earth, may exchange momentum with 
smaller particles and l i f t  t h e  lat ter i n t o  t h e  atmosphere. 
tu rbulen t  mixing small slowly f a l l i n g  p a r t i c l e s  MY be spread t o  g r e a t e r  
a l t i t u d e s .  
of t h i s  method o f  in t roduct ion  of  small p a r t i c l e s  i r i u  t h e  atmosphere. 
t h e  same time, t h i s  is one of  t h e  quest ions of  card ina l  importance i n  under- 
s tanding t h e  o r ig ina t ion  and development o f  a storm. 

A s  a r e s u l t  of  

A l m o s t  no q u a n t i t a t i v e  study has been made of t h t  e f f ec t iveness  
A t  

The nature  of t h e  behavior of t h e  va lues  of  u, under Martian condi t ions 

According t o  Section 17, t h e  value of  u, is  determined by 

- /89 
may be determined i f  t h e  wind speeds i n  t h e  free a t w s p h e r e  are known (see 
Sertiorrs I f ,  17). 
wind speed U and is 2-5% of U depending on t h e  s t r a t i f i c a t i o n :  
u, a r e  smaller  under condi t ions of high S t a b i l i t y  'and l a r g e r  under high 
i n s t a b i l i t y ,  f r e e  convection. 
o f t h e  Martian atmosphere i n  Section 17. 
and using t h e  t y p i c a l  wind values  obtained by Leovy and Mintt (1966) for  a 
model w i t h  ps = 5 mb, we can c a l c u l a t e  t h e  typ ica l  values  of u, in m/sec f o r  

winter and summer i n  t h e  middle l a t i t u d e s :  

t h e  values  of  

We examined t h e  s t r u c t u r e  of t h e  ground layer 
On t h e  bas i s  of t h e  d a t a  presented, 

a2 



Winter ................ 3 
sI1p.er : 
morning, evm.ing. .... 1 
noon ................ 2 
midnight ............. 1 

Since we do not as yet know the mean surface level on Mars, the question 
arises of how the values of the rean wind for the entire atmosphere vary on 

which g is the acceleration of gravity. Hence, other conditions being equal, 
= 6 ? 2 ab (Kliore et 

- al., 1972) the values given for u, may be regarded as accurate for all values 
p with an error not exceeding 25%. 

change in reon value Fs. According to Section 10, U .c M' '13 = ( g / ~ ~ ) ' / ' ,  in 

u* Ps S 
, that is, at the contemporary estimates *- -1/2 

S 

Comparing the data obtained with the findings of Sagan and Pollack (1%9), 
we see that the values of u, are in suner 2-4 times smaller than the threshold 
value of u,. 
but during the cold seasons, as at night, the cohesion between the particles 
may increase wing to freezing of the misture, and for this reason the 
conditions are not very favorable for lifting of dust in the winter hemisphere. 
This is also confirmed by the data of Gifford (1964), which indicate virtual 
absence of clouds dtiring the cold season of the year. 

The winter conditions would seem to be the more favorable ones, 

i 

Thus lifting of dust should be expected around noon, not mder all 
conditions but in the case of local approximately two-fold excess of ut, which 
is here taken as equalling 40 dsec. 
factors favoring the lifting of dust even .it lower speeds. First of all there 
are the turbulent gusts. 
studied for the ground layer of the atmosphere. 
square value of speed pulsations 0 to u, (see tilitinkevich, 1970) equals 
2-2.5, this representing 10% of the mean speed. 
for the speed pulsations is more or less near the noraaal. This means that 
increase in speed by lU0, and consequently in u, as well, is fairly often 
encountered. 

Memion may be made of the number of 

Their statistica, characteristics have been thoroughly 
The ratio of the root mean 

The probability distribution 
U 

Stronger gusts may also occur, although they are less probable12. /go - 

~~ 

121n the work by Hess (1973), who converted the data of Bagnold (1941) >n the 
threshold value of the frictional speed, for Martian conditions, it is 
demonstrated that the values of u * ~ ~  are almost 2 times smaller than those 

= 2.5 m/sec, while the other two authors give 4 m/sec. This greatly increases 
the probability of commencement of lifting of dust into the atmosphere without 
requiring overly large wind speed values. 
gratitude to S. Hess far making a preprint of his paper available to him. 

. 
- adopted by Sagan and Pollack (1969). Thus at p = 5 mb according to Hess, u * ~ ~  - 

S 

The author w shes t q  express his 
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Appreciable increase i n  u, may occur on abrupt change i n  t h e  s t ruc ture  of 
t h e  underlying surface, spec i f ica l ly ,  on increase i n  roughness height z 

fact has been studied under terrestrial conditions (see Laykhtean, 1970). An 
approxisate ana ly t ica l  solut ion of the  problem has been obtained by Radikevich 
(1971). 
T increases by approximately 30% at a great dis tance from t h e  boundary 
separating regions characterized by d i f f e ren t  values z while T undergoes 
more abrupt change i n  t h e  v i c in i ty  of t h e  b0undaryl3. In the  region near t h e  
dividing l i n e  there  appear ve r t i ca l  speeds (ascending ones on increase i n  z ) 

which reach several centimeters per second. 
conditions of much more abrupt var ia t ion  i n  2 

i n  T (an approximately threefold var ia t ion;  see Shir ,  1972). 

This 
0' 

me latter has calculated tha t  on tenfold change i n  zo t he  value of 

0' 

0 
Field measurements performed under 

also indica te  grea te r  var ia t ion  0 

Another lscchanisa of t ransport  of dust  i n to  the atmosphere i s  represented 
by dust  storms, t he  so-called "dust devils." This mechanism has been discussed 
by Sagan and Pollack (1969) and by Sagan, Veverka, and Gierasch (1971). 
conditions of formation of dust  devi l s  have been studied by Ryan and Carrol 
(1970) i n  t h  bbjave Desert in southern California. They are f o n d  i n  a 
low wind under conditions of great overheating of  t he  ground surface,  t h a t  is, 
high i n s t a b i l i t y  of the  atmosphere. For Mars such conditions are best  f u l f i l l e d  
during t h e  noon hours near perihelion. The occurrence of dust devi l s  on Mars 
must be fostered by the  poss ib i l i t y  of existence of sharp temperature discon- 
tunui t ies  between the  ground surface and the  atmosphere during t h e  noon hours 
i n  the  sur,!.,er hemisphere. 
may reach 30 K. 

The 

A s  was shown i n  Section 17, these  d iscont inui t ies  

Unfortunately, nei ther  experimental nor theore t ica l  quant i ta t ive estisates 
have been made of t h e  effectiveness of t h e  dust  dcy-lls i n  l i f t i n g  dust.  
effectiveness obviously a l so  depends on the  amount of d,;t on the  surface which 
may be l i f t e d  in to  the  atmosphere. However, t he  lat ter i s  an areomorphological 
ra ther  than a meteoror g ica l  factor .  A t  t h e  present time the  p o s s i b i l i t y  is  
not t o  be discounted (see Sagan, Veverka, and Gierasch, 1971) t h a t  precisely 
the  dust devi l s  may be the  chief Eechanisra prrcing f ine  and long-suspended 
dust i n  the Martian atmosphere, since i n  these dust  dev i l s  the  ve r t i ca l  
ve loc i t i e s  a re  of the  order of the  horizontal ones and reach several  meters per 
second under terrestrial conditions. 

Tihis 

E 

~ ~ ~ ~~ ~ ~ ~- ~- 

13The l a s t  i l l u s t r a t i o n  in  the  article by Leovy e t  a l .  (1972), may be i n t e r -  
preted a s  confirmation of t h i s  e f f ec t  under Martian conditions. 
there  a re  two photographs of the  same region of Mars taken at  d i f f e ren t  times 
from Mariner-9. In one of them the  cent ra l  portion of t he  region is covered 
by a d i f fuse  low cloud, a local dust storm. In the  second photograph, taken 
several  weeks after the  first one, it is  c l ea r ly  t o  be seen tha t  the  par t  of 
rho stirface e a r l i e r  covered by the  storm has a much rougher small-scale topo- 

In t h i s  f igure  

$ , i ! I :  :cn the  t e r r i t o r y  surrounding i t ,  which was a l so  uncovered a t  t he  
I -  + * a -  :",e author would l i ke  t o  express h i s  grat i tude t o  C. Leovy, who 

I ;. . q)r it of h i s  a r t i c l e  and cal led a t ten t ion  t o  t h i s  photograph. 



The foregoing discussion shows t h a t  t h e  l i f t i n g  of any significant quan t i ty  
of dus t  into t h e  atmosphere r equ i r e s  simultaneous satisfaction of a number of 
condi t ions.  The best p o s s i b i l i t i e s  are probably provided i n  t h e  v i c i n i t y  of 
2er ihe l ion .  This  makes understandable t h e  r a r i t y  of observat ions of yellow 
clouds on Mars and of correlation of t h e i r  appearance with major opposi t ions.  

But let u s  assume t h a t  a dus t  cloud has assured s u f f i c i e n t l y  l a rge  d i m n -  
sions and t h e  concentration of dus t  in  it has become large enougbso t h a t  t o  
descr ibe  t h e  motion of such a cloud above t h e  underlying surface it is neassay 
t o  allow for t h e  Qpposite effect of t h e  dus t  on t h e  flow dynamics. The na tu re  
of turbulen t  f l o u s  containing a heavy admixture has been studied by Barenblat t  
(1955). One of t h e  ch ie f  r e s u l t s  of  t h i s  study is t h a t  i n  t h e  case of n e u t r a l  
s t r a t i f i c a t i o n  t h e  mean ve loc i ty  p r o f i l e  of  a s t a t i o n a r y  and ho r i zon ta l ly  
homgeneous flow i s  d i f i e d  (see Sect ion 17) and tends with altitude toward 
t h e  form of 

4 - z 
(19.1) 

(19.2) 

II (2)  - 2 in- 

Dimensionless parameter w is def ined as 
0 

( u -  - 
=ut' 

in which v is t h e  p a r t i c l e  p r e c i p i t a t i o n  ve loc i ty ,  and a is t h e  ra t io  of  t h e  
tu : ju len t  exchange c o e f f i c i e n t s  for t h e  admixture and t h e  mOmentum, and is 
approximately equal t o  uni ty .  For s u f f i c i e n t l y  small p a r t i c l e s  v < aw,, t h a t  
is, w < 1, and then formula (19.1) may be in t e rp re t ed  as s t a t i n g  t h a t  t h e  
presence of  dust  i n  t h e  flow r e s u l t s  i n  e f f e c t i v e  reduction of Karman constant  
K. In t h i s  ins tance  t h e  ve loc i ty  grad ien ts  are less abrupt i n  t h e  v i c i n i t y  
of t h e  surface,  a circumstance which facilitates t h e  dis lodging and l i f t i n g  of 
l a rge r  q u a n t i t i e s  of dus t .  

For small p a r t i c l e s  of a diameter o f  a few microns w 1. There i s  a 
l imi t ing  stationary d i s t r i b u t i o n  of  dus t  i n  a l t i t u d e ,  which is given by t h e  
formula 

i n  which n is t h e  dust  concentration and t h e  subscr ip t  1 r e f e r s  t o  a c e r t a i n  
height near  t h e  bottom. 
underlyirlg sur face  t h e  flow tends toward t h i s  maximun sa tu ra t ion ,  which is  t h e  
g rea t e r  t h e  smaller  is w.  
t r a t i o n  vzlue a t  t h e  bottom is  smaller, but it tends asymptot ical ly  toward t h e  
maximum with increase  in  altjtilrle z. 

corresponding theoryI4.  

14Such a theory has recent ly  been elaborated by G. I .  Barenblatt and t h e  author  
i n  a paper foryarded i n  the  middle of  1973 f o r  publ ica t ion  i n  the  "J. A t m .  Sci." 
One of i t s  conclusions is t h a t  i n  t h e  case of  s t a b l e  s t r a t i f i c a t i o n  dust  concen- 
t r a t i o n  n (z )  decreases  exponent ia l ly  f o r  a l t i t u d e s  g rea t e r  than t h e  Monin-Obukhov 
scale (17.1), wh i l e  i n  t h e  case of  f r e e  convection t h e  value of n(z)  tends toward 
a c e r t a i n  constant  value w i t h  increase i n  z .  
stand why the  dust  storms always begin near t h e  period of maximum inso la t ion  of  
t h e  surface of  Mars, when t h e  p robab i l i t y  of  occurrence of s t rong  convection i s  
g rea t e s t .  

(z , ) t+ j', 
In t h e  case of  an unl imited supply of dust  on t h e  

I f  t h e  supply of  dus t  is l imited t h e  dus t  concen- 

Similar  r e l a t ionsh ips  are a l s o  t o  be 
/92 expected f o r  ?.emperatwe st  - 3  'ied e -  flaw, although the re  i s  as y e t  no - 

-- 

This makes it poss ib le  t o  under- 
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This property o f  tu rbulen t  flows of c o l l e c t i n g  and car ry ing  within t)iem- 
se lves  a l a rge  quant i ty  of dus t  represents  one of t h e  mechanisms favoring t h e  
spontaneous development of a dust  s torn .  
to  high altitudes, such as t h e  altitude of  t h e  homogeneous a tmsphere  H, is 
accomplished by turbulen t  mixing. Let u s  estimate t h e  value of t h e  turbulen t  
a ix ing  c o e f f i c i e n t  required f o r  l i f t i n g  of dus t  t o  a l t i t u d e  H i n  time t. 
t h e  f o r r u l a  K * H /t, with H = 10 km and t = lo5 sec (1 day),  we obtained 

K ly 10 cm /sec = 10 1p /sec. This value is e n t i r e l y  reasonable f o r  daytime 
condi t ions on t h e  equator, but i s  somewhat lower than t h e  estimates of  t h e  
turbulen t  mixing coe f f i c i en t  given by Gierasch and Goody (1968) and by t h e  
author  (see Golitsyn, 1969). 

The propagation of dus t  a l ready  lifted 

Using 
2 

7 2  3 2  

10 Horizontal mixing i s  charac te r ized  by much l a r g e r  coe f f i c i en t s .  K 5, 3-10 

cm /sec = 3-106 m2/sec is required for t h e  propagation of dust  over 1000 km i n  
3 days; t h i s  value is e n t i r e l y  i n  agreement with t h e  previous estimates of 
Section 18 (also see Golitsyn, 1968, 1970b). Such a value of K is an order  of  
magnitude l a rge r  than t h a t  used i n  t h e  numerical experiments by Leovy and Mintz 
(1969). 
statement. 

2 

They character ized t h i s  value as small and one can agree with t h i s  
However, t h i s  question a l s o  r equ i r e s  f u r t h e r  study. 

But l e t  us  assume t h a t  dus, has been l i f t e d  above a r a t h e r  extensive area. 
Measurements under global storm condi t ions (Moroz, Ksanfomality, 1972; Hanel 
et  al., 1972; Chase et a l . ,  1972; Kliore et al . ,  1972) show t h a t  during t h e  
day t h e  sur face  of t h e  planet  i s  on t h e  average 20-30 K cooler  than i n  t h e  
absmce  of a storm, and t h a t  t h e  v e r t i c a l  temperature p r o f i l e s  are near  iso- 
thermy, owing to  which t h e  atmosphere is on t h e  whole warmer. 
s tandable  if  it is assumed t h a t  a l a rge  p a r t  of t h e  s o l a r  r ad ia t ion  is absorbed 
by t h e  d u s t - f i l l e d  atmosphere itself. 
of t h e  Martian dust  are as yet unknown and only i n d i r e c t  es t imates  may be made 
of t h e  absorpt ion value (see t h e  work by Ginzburg, 1973). In t h i s  context it is 
useful  t o  c i t e  measurements of s o l a r  r ad ia t ion  absorption under t h e  condi t ions 
of t h e  extremely dusty atmosphere i n  t h e  karakum Desert (Kondrat 'yev, Vasil 'yev, 
Grishechkin, 1971). 
those of an i n t ense  dust  haze. The atmospheric absorption increases  appreciably 
i n  t h i s  case, reaching approximately 20-25% of t h e  total  value of d i r e c t  s o l a r  
r ad ia t ion .  

This is under- 

Unfortunately,  t he  o p t i c a l  p rope r t i e s  

The condi t ions here  a r e  character ized by t h e  authors  as 

Let us assume t h a t  f o r  a dust  cloud not as yet of very la rge  dimensions - /93 
lowering of t h e  temperature a l s o  takes  p lace  i n  t h e  lower pa r t  of t h e  cloud. 
Simple est imates  of t h e  amplitudes of  t h e  wind a r i s i n g  i n  t h i s  instance may be 
made on the  bas i s  of  t h e  d a t a  of Gierasch and Sagan (1971). 

For small sca l e s  L t h e  Rossby number Ro = UIZL,  i n  which I = 2wsin9, t h e  
Cor io l i s  parameter, is  g rea t e r  than un i ty  ( the  Rossby number is t h e  measure 
of t h e  ratio of t h e  nonl inear  terms i n  t h e  equations of motion t o  t h e  Cor io l i s  
fo rce ) .  The Cor io l i s  acce le ra t ion  then plays a subordinate r o l e  and may be 
disregarded i n  very rough est imates .  
an independent va r i ab le  may be wr i t ten  8 s  

The equation of motion with pressure as 
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2 --= WT, 
(19.3) 

(19.4) 

(19.5) 
i n  which the  r o l e  of ve r t i ca l  veloci ty  is played by quant i ty  w = dhldt ,  h - Zn 
(p/ps), 9 = g7 is t h e  gempotential, R' is  t h e  gas constant, and T is temperature. 
If temperature var ia t ion  AT at a - c e r t a i n  dis tance L is assigned, then t h e  
veloci ty  of the  motions occurring i n  t h i s  instance may be estimated from t h i s  
system. 
are of the  same order. 

By means of (19.5) we ascer ta in  tha t  t h e  first two terms i n  (12.3) 
Heme it follows frcm (19.4) and (19.4) t h a t  

(19.6) 

I t  is assumed here t h a t  t he  v e r t i c a l  and the  horizontal  twpera tu re  
Allowance f o r  t h e  nonstationary terms and, for var ia t ions a r e  of one order. 

example, t he  f: ircular symmetry of temperature d is t r ibu t ion  introduces only 
addi t ional  pos i t ive  terms in to  (19.3) of t he  same order as UzL-'. 
K and Ah = 1/2 ,  t ha t  is, the  motions t a k e  place only up t o  t h e  mean level  of 
t he  atmosphere, a t  whicb the  temperature i n  the  cloud is comparable t o  t h e  
temperature of t he  remaining atmosphere ( i t  is lower below t h i s  level  and higher 
above it). Then, i n  accordance with (19.61, U 

Let AT = 10 

(1/2R'AT) 'I2 = 30 m/sec. 

Since U i s  known, t h e  r e s t r i c t i o n s  on L < U / t  may be estimated from t h e  
condition Ro > 1. For l a t i t ude  9 = 30' we have L < 400 km. 
is cooler i n  the  lower cent ra l  portion of the  cloud, t he  motions are descending 
ones there ,  but ascending ones on the  edges of the  clouc!s. The occurrence of 
appreciable wind speeds and the  nature of c i rcu la t ion  should in  t h i s  instance 
contribute toward t ransport  of dust t o  the  periphery of t h e  cloud and fu r the r  
blowing away and l i f t i n g  at its edges. The opposite p ic ture  of temperature, 
and hence of ve!dcity d i s t r ibu t ion  i s  Dbserved a t  night,  but  because o f  the short  
duration of  t h e  summer nights  it may be assumed tha t  on the  average the  dust  
cloud w i l l  increase i n  a day. 

S i x e  the  atmosphere 

According t o  the  estimates of the  dust propagation time given in  t h e  fore- - /94 
going, owing t o  horizontal turbulent mixing the  cloud may reach dimensions of 
the  order of 500 km i n  a few days. With la rger  dimensions it is  fizcessary t o  
take the  Coriol is  force in to  account t o  determine t h e  winds, that. ' s ,  t he  motion 
w i l l  be determined ch ief ly  by the  balance between the  pressure gradient and t h e  
Coriol is  force.  
var ia t ion i n  the  pressure f i e l d ,  and the  wind consequently underques var ia t ion 
as well. 
temperature f i e l d  i s  termed the  thermal wind. 
of t h e  form of ( Gierasch, Scgan, 1971): 

With local var ia t ions i t 1  the  temperature f i c l d  there  i s  a l so  

The geostrophic wind component resu l t ing  from variat ion i n  the  
The thermal wind equations a re  

(19.7) 

(19.8) 
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or i n  vectorial not a t  ion 
cto R' dh= - -1- V H T .  k. 

(19.9) 

i n  which k i s  t h e  unit  vec tor ,  which is d i r ec t ed  upward. 

It follows from t hese  equations t h a t  t h e  t h e m a l  wind v a r i e s  with a l t i t u d e  
and blows along t h e  isotherms, i n  such a way t h a t  t h e  cooler  air remains on 
t h e  r i g h t  i n  t h e  southern hemisphere (2 < 0). 
r e s u l t  at t h e  surface.  
estimated i n  accordance with (19.9) % '  

A cyclonic  vor tex  occurs as a 
The v a r i a t i o n  i n  ve loc i ty  - t h e  thermal wind - may be 

R' Ah4 T A(/---- 
1 L ' (19.10) 

3 Inse r t ing  i n  t h i s  equation t h e  values  Ah = l / 2 ,  AT = 30 K, L = 10 km, and 

An ant icyc lonic  vortex should occur -S 2 = 7.10 
i n  t h e  upper pa r t  of t h e  troposphere,  where t h e  temperature grad ien t  is i n  t h e  
opposi te  d i r ec t ion .  

sec-', we obta in  AU LI 40 m/sec. 

According to  t h e  ca l cu la t ions  of Leovy and Mintz (1969), moderate south- 
e a s t e r l y  winds having speeds of 10-20 m/sec p reva i l  i n  s m e r  i n  t h e  southern 
hemisphere of Mars. I f  our  estimates are co r rec t ,  t h e  motions a r i s i n g  on t h e  
development of a storm should s u b s t a n t i a l l y  a l t e r  t h e  general wind s t r u c t u r e .  

Thus a dus t  cloud o f  s u f f i c i e n t l y  l a rge  dimensions and dens i ty ,  owing t o  
t h e  absorpt ion of d i r e c t  r ad ia t ion ,  appreciably d i s r u p t s  t h e  temperature 
condi t ions of t h e  Martian atmosphere, t h i s  leading t o  t h e  appearance of f a i r l y  
s t rong  winds dhich i n  t u r n  should l i f t  addi t iona l  amounts of dus t  i n t o  t h e  
atmosphere. I t  seems t o  us  t h a t  t h i s  is  one of t h e  probable la rge-sca le  feed- 
back mechanisms between t h e  wind f i e l d  and t h e  amount of  dust  i n  t h e  atmosphere 
cont r ibu t ing  toward spontaneous development of  a storm and its attainment of  
$obal scales15. Unfoxunetely,  u n t i l  t h e  absorption p rope r t i e s  of t h e  dus t  
i n  t h e  range of  d i r e c t  s o l a r  r ad ia t ion  are known and a q u a n t i t a t i v e  theory of 
t h e  l i f t i n g  of dust  from t h e  sur face  i n t o  t h e  atmosphere i s  ava i l ab le  - t hese  
being merely a few of t h e  most fundamental elements of  t n e  process - a n y  
q u a n t i t a t i v e  desc r ip t ion  o f  t h e  process of development of  a storm i n  time and 
spac,: i s  inconceivable. 
with t h e  l a r g e s t  computers. 

Sucn a descr ip t ion  would obviously r equ i r e  ca l cu la t ions  

Observ9tions show that a f t e r  a storm has reached global dimensions it d i e s  
ou t ,  t h a t  i s ,  t h e  dust  again s e t t l e s  on t h e  sur face ,  although temporary and even 
repeated storm e f f o r t s  a r e  poss ib le ,  such as  were observed by Leo i n  1924 (see 
Kuiper, 1961). 
When a dust  storm reaches t h e  global s ca l e  t h e  temperature c o n t r a s t s  i n  t h e  
atmosphere decrease, and t h e  wind c-nsequently d i e s  down. However, i f  t h e  
p r e c i p i t a t i o n  of p a r t i c l e s  above vsr ious  areas of a sur face  is uneven, temporary 

15A similar idea about t h e  nonl inear  i n t e rac t ion  of dus t ,  r ad ia t ion ,  and 
atmospheric motions leading t o  increase i n  a dust  storm on Mars was a l s o  adv2 Led 

I t  i s  not d i f f i c u l t  t o  understand t h e  need f o r  t h e  dying out .  

- independently by Gierasch and Goody (1972) and by Hess (1973). 
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accentuation of t h e  temperature contrasts and in tcns i f icn t ion  of t he  winds ate 
again possible.  

A special role mst be pleyed by the  polar cap i n  &he temperature (and 
wind) conditions of t h e  atmosphere of t he  southern hetnisphere. During t h i s  
season t h e  cap melts rapidly,  i n  which process a la rge  mount of b :at from t h e  
atmosphere is consumed, t ha t  is, near t he  surface of t h e  cap t h e  t a p a r a t u r e  of 
t h e  atmosphere must be around 150 K, t he  melting point of so l id  carbon dioxide. 
The great temperature difference between the  atmosphere above t h e  cap and above 
t h e  regions where the  ice has already melted should cauje s t ronc winds. Higher 
above *he cap t h e  temperature of  the  atmosphere slay be subs tan t ia l ly  higher 
owing t o  t h e  advection of heat and the  d i r e i t  heating of t h e  atmosphere by t h e  
Sun. Observations by Manel et al .  (1972), have revealed the  presence of s t rong 
temperature inversion above t h e  southern polar region. The flow of a mass of 
carbon dioxide i n t o  the  atmosphere on evaporation of the  cap should a l s o  play 
a role i n  the  process. 
importance and complexity of these processes. 

We confine ourselves here simply t o  indicat ing the  

In conclusion a l l  t h a t  reaains  i s  for the  author t o  repeat t h a t  t h e  
establishment of any quant i ta t ive  theory of t he  process of development and 
dying out of a dust  storm on k r s  is one of t he  nost d i f f i c u l t  t asks  w i t h  which 
physics of t h e  atmosphere has ever been faced, s ince allowance f o r  too many 
in te rac t ing  fac tors  is required. 
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